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MARKES  E.  JOHNSON  AND  ED  LANDING 

Department  of  Geosciences,  Williams  College,  Williamstown,  MA  01267,  and 

New  York  State  Geological  Survey,  The  State  Education  Department,  Albany,  NY  12230 


This  volume  features  part  of  the  proceedings  of  the  Sec¬ 
ond  International  Symposium  on  the  Silurian  System, 
which  was  held  at  the  University  of  Rochester  in  Roches¬ 
ter,  N.Y.  on  August  4-9,  1996.  Convened  under  the  pri¬ 
mary  sponsorship  of  the  Subcommission  on  Silurian 
Stratigraphy  (a  subdivision  of  the  International  Commis¬ 
sion  on  Stratigraphy  under  the  International  Union  of 
Geological  Sciences),  the  Rochester  conference  attracted  75 
participants  from  sixteen  countries  that  represented  all 
continents  where  Silurian  strata  are  extensively  exposed.  A 
poster  session  and  workshop  on  "Silurian  Cycles:  Link¬ 
ages  of  Dynamic  Processes  in  Atmosphere  and  Oceans" 
began  the  program.  A  broad  range  of  evidence  for  eustatic 
changes,  glacial  episodes,  geochemical  cycles,  extinction 
events,  and  changes  in  faunal  diversity  was  exhibited,  and 
their  possible  interconnections  were  debated  during  these 
sessions.  The  reports  collected  in  this  volume  represent 
seventeen  of  the  original  posters  presented  at  the  Roches¬ 
ter  conference,  supplemented  by  four  contributions  on  re¬ 
lated  topics  that  were  solicited  to  round  out  the  collection. 

Geologists  and  paleontologists  who  study  a  wide  va¬ 
riety  of  Silurian  global  cycles  have  been  especially  active 
during  the  last  decade.  The  idea  for  a  workshop  to  explore 
the  form,  timing,  and  interrelationships  of  a  variety  of  Sil¬ 
urian  global  cycles  was  bom  from  a  feeling  of  frustration 
and  hope.  Lack  of  communication  among  the  many  re¬ 
searchers  in  this  rapidly  expanding  area  of  research  was 
the  source  of  frustration.  Hope  was  inspired  by  the  oppor¬ 
tunity  to  take  advantage  of  this  venue,  the  Second  Sympo¬ 
sium  on  the  Silurian  System,  to  assemble  a  diverse  field  of 
advocates  in  order  to  seek  a  common  ground  on  the  princi¬ 
pal  patterns  of  cyclicity  in  Silurian  strata. 

Part  One  of  this  volume  assembles  nine  papers  that 
treat  the  physical  evidence  for  Silurian  eustasy.  The  Bra¬ 
zilian  geologist  Mario  Caputo  has  a  long-held  interest  in 
the  mid-Paleozoic  glaciations  of  South  America  (Caputo 
and  Crowell,  1985;  Grahn  and  Caputo,  1992).  His  contri¬ 
bution  to  this  volume  provides  an  important  review  of 
hard-to-come-by  data  on  Silurian  glacial  and  interglacial 
stratigraphy  from  that  sector  of  Gondwana.  Ed  Cotter 
and  Carlton  Brett  are  interested  in  Lower  Silurian  Clinton 


ironstones  and  new  applications  of  sequence  stratigraphy 
in  the  northern  Appalachian  foreland  (Cotter  and  Link, 
1993;  Brett  et  al.,  1990).  The  article  by  Brett,  Cotter,  and 
others  in  this  volume  summarizes  and  updates  what  is 
known  about  the  cyclicicy  and  correlation  of  these  iron¬ 
stones  from  Alabama  to  New  York.  Steve  Driese  and  his 
students  injected  into  Silurian  stratigraphy  the  concept  of 
proximality  analysis,  in  which  the  sedimentology  of 
nearshore  and  offshore  accumulations  are  contrasted 
(Easthouse  and  Driese,  1988;  Bolton,  1990;  Dorsch  et  al., 
1994).  Gudveig  Baarli  also  applied  this  technique  to  Sil¬ 
urian  sequences  in  southern  Norway  and  Alabama 
(Baarli,  1988;  Baarli  et  al.,  1992).  Her  contribution  in  this 
volume  provides  an  overview  on  proximality  analysis 
with  dual  emphasis  on  the  paleogeography  of  Silurian 
storm  patterns  and  global  cycles  of  sea-level  change. 
Markes  Johnson  has  pursued  research  on  the  global  iden¬ 
tity  of  Silurian  sea-level  cycles  for  many  years.  His  recent 
summary  on  Silurian  eustasy  (Johnson,  1996)  is  corrobo¬ 
rated  and  expanded  through  several  contributions  to  this 
volume  by  Richard  Bambach,  Mark  Harris  and  others, 
and  Yuri  Tesakov  and  others.  Coastal  paleotopography,  a 
key  to  calibration  of  Silurian  eustasy,  brings  a  completely 
new  approach  to  this  complicated  topic  (Johnson  et  al., 
this  volume).  It  should  never  be  doubted  that  eustasy  and 
tectonics  are  two  competing  sources  of  sea-level  change. 
The  paper  by  Frank  Ettensohn  and  Carlton  Brett  exam¬ 
ines  the  global  implications  of  tectonic  changes  in  sea- 
level  during  the  Silurian. 

Part  Two  of  this  volume  draws  attention  to  the  con¬ 
nection  between  temporal  faunal  patterns  and  Silurian 
eustasy.  Reports  on  graptolites  (Michael  Melchin  and  oth¬ 
ers),  cephalopods  (Juri  Kriz  and  Olga  Bogolepova),  gas¬ 
tropods  (Alexander  Gubanov),  and  trilobites  (Evgeny 
Yolkin)  lend  a  diverse  taxonomic  coverage  to  this  topic. 

Part  Three  of  this  volume  shifts  focus  to  short-term 
cycles,  sometimes  referred  to  as  Milankovitch  cycles  or 
orbital-forcing  cycles  (House  and  Gale,  1995).  Lennart 
Jeppsson  and  other  colleagues  have  launched  an  initia¬ 
tive  that  relates  climate-driven,  oceanographic  cycles  to 
patterns  of  Silurian  conodont  extinction  (Jeppsson,  1990; 
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Aldridge  et  al.,  1994;  Jeppsson  et  al.,  1994).  In  this 
volume,  Jeppsson  provides  a  detailed  summary  of  the 
short-term  climatic  and  oceanographic  changes  he  be¬ 
lieves  account  for  extinctions  among  conodonts  and 
other  taxa.  Although  the  precise  dating  of  these  events  in 
absolute  years  remains  problematic,  orbital  forcing  may 
be  the  best  explanation.  Related  papers  by  W.B.N.  Berry, 
and  by  Frank  Brunton  and  others,  assemble  stratigraphic 
data  in  support  of  Jeppsson's  oceanic  episodes.  Edward 
Cotter  examines  meter-scale  rhythms  recorded  by  Sil¬ 
urian  coastal  sediments  that  were  deposited  in  the  Appa¬ 
lachian  foreland  basin  of  Pennsylvania. 

Once  considered  the  exclusive  domain  of  Quater¬ 
nary  geologists,  technology  has  pushed  open  the  window 
so  far  on  isotope  studies  that  even  geochemists  fixated  on 
the  Paleozoic  may  participate  in  the  search  for  meaning¬ 
ful  patterns.  Recent  ground-breaking  reports  on  the  Sil¬ 
urian  by  Bernd  Wenzel  and  Michael  Joachimski  and 
Stephen  Ruppel  and  his  colleagues  have  attracted  much 
attention  (Wensel  and  Joachimski,  1996;  Ruppel  et  al., 
1996).  The  fourth  and  final  part  of  this  volume  draws 
together  three  papers  that  attempt  to  search  for  con¬ 
gruences  between  Silurian  isotope  patterns  and  those 
patterns  attributed  to  glacial  episodes,  oceanographic 
episodes,  and  eustasy.  Strontium  data  from  sections  in 
Europe  and  North  America  are  reviewed  by  Stephen 
Ruppel  and  his  colleagues.  Whole-rock  carbon  data  from 
the  Silurian  of  Estonia  is  treated  by  Dimitri  Kaljo  and  col¬ 
leagues,  and  carbon  and  oxygen  data  of  shelly  material 
from  Estonia  is  treated  by  Rachel  Heath  and  colleagues. 

No  single  individual  or  organization  has  previously 
attempted  to  sort  out  such  a  large  corpus  of  research  on 
cyclic  patterns  preserved  in  Silurian  strata.  Before  issues 
of  cause  and  linkage  may  be  explored,  it  is  necessary  to 
determine  the  degree  to  which  the  various  cycles  are  co¬ 
eval.  With  its  primary  mission  now  largely  accomplished 
in  defining  the  Silurian  series  and  stages  by  means  of 
"golden  spikes"  at  stratotype  localities,  the  Subcommis¬ 
sion  on  Silurian  Stratigraphy  is  at  an  excellent  point  in  its 
history  to  encourage  the  charting  of  various  stratigraphic 
cycles  on  a  standard  time  scale.  This  role  is  further  en¬ 
hanced  by  the  Subcommission's  adoption  of  a  unified 
zonal  scheme  for  graptolites,  conodonts,  and  chitino- 
zoans  (Nolan,  1995;  Koren'  et  al.,  1996).  Thus,  a  major 
source  of  frustration  and  potential  confusion  has  already 
been  eased  by  broad  consensus  on  the  definition  of  bios- 
tratigraphic  boundaries  within  the  Silurian  System. 

James  Hall  Memorial  Volume 

Following  the  tradition  of  the  First  International  Sympo¬ 
sium  on  the  Silurian  System,  which  was  named  in  honor 


of  Roderick  Murchison  150  years  after  publication  of  The 
Silurian  System  (1839),  the  Rochester  symposium  was 
designated  to  honor  James  Hall,  the  prominent  19th- 
century  geologist  and  paleontologist  from  New  York 
State  and  a  contemporary  of  Roderick  Murchison.  It  was 
largely  under  the  zealous  leadership  of  James  Hall  that 
the  nomenclature  of  the  Silurian  System  was  promul¬ 
gated  and  applied  across  a  wide  swath  of  the  United 
States  that  extended  from  New  York  State  through  the 
Great  Lakes  region  to  the  upper  Mississippi  River  valley. 
Largely  remembered  as  the  first  State  Paleontologist  of 
New  York,  Hall  also  served  at  various  times  as  the  State 
Geologist  of  Wisconsin  and  Iowa. 

By  any  measure.  Hall's  monumental  contribution 
was  the  4,320  pages  of  taxonomic  description  accompa¬ 
nied  by  980  illustrated  plates  contained  in  thirteen  quarto 
volumes  belonging  to  the  Paleontology  of  New  York.  It  was 
on  September  1,  1846,  150  years  before  the  convening  of 
the  Rochester  meeting,  that  James  Hall  submitted  to  the 
governor  of  New  York  State,  Silas  Wright,  the  first  of 
these  famous  volumes.  The  second  volume,  published  in 
1852,  is  devoted  to  the  Silurian  of  New  York  State.  The 
final  volume  was  issued  in  1894,  and  marks  the  conclu¬ 
sion  of  one  of  the  longest-running  contests  of  willpower 
between  an  often  reticent  legislature  and  a  public  servant 
determined  to  win  state  funding  for  science.  The  publica¬ 
tion  of  this  volume  in  1998  takes  place  100  years  after  the 
death  of  James  Hall,  the  founder  of  the  New  York  State 
Museum.  Hence  this  volume.  New  York  State  Museum 
Bulletin  491,  is  dedicated  to  James  Hall. 

Given  the  worldwide  economic  mindset  for  corpo¬ 
rate  down-sizing  and  the  political  pressures  for  budget¬ 
trimming  that  have  curbed  spending  on  basic  scientific 
research — in  particular,  in  geology — James  Hall  may  well 
be  the  obvious  choice  for  canonization  as  "patron  saint" 
of  symposium  conveners  and  volume  organizers,  who 
desire  to  promote  international  research  in  stratigraphic 
geology.  James  Hall  prevailed  through  good  times  and 
lean  times,  and  so  can  we  if  we  are  persistent  and  stub¬ 
born  enough. 
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ABSTRACT — Rocky  shores  and  coastal  valleys  undergo  sub- 
aerial  and/or  some  degree  of  intertidal  erosion.  Burial  of  coastal 
topography  with  rise  in  sea-level  results  in  the  formation  of 
unconformities.  If  the  tectonic  component  of  relative  sea-level 
change  can  be  identified,  the  minimum  eustatic  rise  may  deter¬ 
mined  from  the  maximum  topographic  relief  covered  by  marine 
strata.  Data  of  this  kind  are  reviewed  for  a  dozen  Silurian 
rocky-shore  localities  and  from  four  regions  that  preserve  Sil¬ 
urian  paleovalleys.  Paleocontinents  on  which  these  coastal  fea¬ 
tures  are  known  include  Gondivana,  Laurentia,  Avalonia, 
Baltica,  and  North  and  South  China. 

All  purported  global  rises  in  Silurian  sea-level  are  associ¬ 
ated  with  burial  of  Silurian  coastal  topography.  The  best  docu¬ 
mented  examples  are  for  the  Rhuddanian  (+70  m)  and 
Aeronian  (+65  m)  events  in  the  Early  Silurian.  Other  uncon¬ 
formities  that  resulted  from  onlap  across  Silurian  rocky  shores 
are  correlated  zvith  the  early  and  late  Telychian,  middle 
Sheinzuoodian,  early  Gorstian,  middle  Ludfordian,  and  Pridoli 
transgressions.  Available  descriptions  of  these  features  are  less 
informative  with  regard  to  the  extent  of  paleotopographic  relief. 
The  regional  relief  of  karst  surfaces  buried  during  the  late 
Llandovery  and  early  Pridoli  in  Laurentia  is  30-53  m.  Im¬ 
proved  understanding  of  this  topic  relies  on  more  thorough  out¬ 
crop  observations,  greater  use  of  subsurface  data,  and  better 
dating  of  the  time  of  formation  of  rocky  shores  and  paleovalleys. 


Introduction 


A  global  sea-level  curve  constructed  for  the  Silurian 
from  many  localities  around  the  world  (Johnson  et  al., 
1991;  Johnson  and  McKerrow,  1991)  has  been  expanded 
through  the  entire  system  (Johnson,  1996).  This  curve 
emphasizes  five  major  highstands  and  five  lowstands  in 
the  Early  Silurian  (Llandovery  and  Wenlock  Series)  and 


three  highstands  and  three  lowstands  in  the  Late  Silurian 
(Ludlow  and  Pridoli  Series).  These  events  are  regarded  as 
eustatic  in  nature,  based  primarily  on  carbonate  se¬ 
quences  from  relatively  stable  cratonic  platforms,  where 
the  preservation  of  marine  invertebrate  communities 
shows  repetitive  stratigraphic  patterns.  By  comparison 
with  global  sea-level  curves  proposed  for  most  other  in¬ 
tervals  in  the  Paleozoic,  these  events  are  well-dated  and 
correlated  with  internationally  accepted  definitions  of 
Silurian  series  and  stage  boundaries  (Holland  and 
Bassett,  1989). 

More  difficult  to  establish  than  the  relative  age  of  a 
given  event,  however,  is  the  actual  vertical  extent  of  Sil¬ 
urian  sea-level  rise  or  fall.  Typical  estimates  of  absolute 
water  depths  under  which  key  Silurian  communities 
lived  and  died  revolve  around  arguments  over  associated 
sedimentary  structures,  post-mortem  development  of 
shell  beds,  and  the  depth  range  of  biota  as  controlled  by 
the  diminution  of  sunlight  in  sea  water  (Baarli,  1988; 
Johnson,  1989;  Brett  et  al.,  1993).  This  report  applies  an 
entirely  independent  method  to  the  determination  of  ab¬ 
solute  water  depths  of  the  Silurian  sea-level  curve.  Our 
approach  emphasizes  the  importance  of  coastal  paleo¬ 
topography,  specifically  its  erosion  during  stable  or  fall¬ 
ing  sea-level  and  its  burial  during  rising  sea-level. 

The  two  types  of  paleotopographic  elements  em¬ 
ployed  in  this  study  are  rocky  shorelines  and  coastal  val¬ 
leys.  Both  are  readily  discernible  through  study  of 
unconformities  in  the  stratigraphic  record.  The  most  re¬ 
cent  bibliography  on  ancient  rocky  shores  (Johnson,  1992) 
lists  only  seven  studies  for  the  Silurian,  most  of  which 
concern  localities  in  the  Welsh  Borderland.  Several  other 
sources  of  published  information  on  Silurian  rocky  shore¬ 
lines  are  incorporated  herein.  A  study  by  McClure  (1978) 
was  among  the  first  to  describe  paleovalleys  formed  in 
association  with  the  glaciation  and  deglaciation  of 
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Ordovician-Silurian  Gondwana.  This  report,  however, 
utilizes  additional  localities  from  the  Middle  East,  as  well 
as  other  regions  in  North  America  and  the  British  Isles, 
that  are  only  indirectly  linked  to  the  effects  of  Gon- 
dwanan  glaciation,  hi  all  cases,  it  is  the  burial  of  paleo- 
topography  that  enables  determination  of  the  range  of 
local,  coastal  sea-level  change. 

Use  of  Topographic  Models 


Coastal  topography  is  affected  by  a  variety  of  dynamics 
related  to  relative  fluctuations  in  sea-level.  Several  mod¬ 
els  of  these  dynamics  are  shown  in  Figure  1.  The  relief  of 
rocky  shores  or  coastal  valleys  may  be  eroded  and  buried 
when:  1)  the  land  remains  tectonically  fixed,  but  global 
sea-level  falls  and  rises  (Figure  1.1);  2)  sea-level  is  fixed, 
but  the  land  surface  is  tectonically  raised  and  lowered 
(Figure  1.2);  and  3)  minor  uplift  or  subsidence  occurs  and 
major  eustatic  fluctuations  occur  at  the  same  time  (Figure 
1.3).  Coastal  relief  may  develop,  but  will  only  be  partly 
buried  when  major  tectonic  uplift  is  associated  with  mi¬ 
nor  eustatic  rise  (Figure  1.4).  As  a  result,  coastal  relief 
may  develop,  but  will  not  be  buried  when  major  tectonic 
uplift  is  associated  with  major  eustatic  drop,  or  is  bal¬ 
anced  against  a  global  rise  in  sea-level  of  equal  magni¬ 
tude  (Figure  1.5).  Important  topographic  relief  is  unlikely 
to  develop  when  minor  eustatic  fluctuations  are  associ¬ 
ated  with  major  tectonic  subsidence  of  the  shoreline  (Fig¬ 
ure  1.6). 

In  principle,  two  or  more  of  these  models  might  op¬ 
erate  simultaneously  at  different  places  around  the  planet 
due  to  the  irregular  shape  of  the  geoid  (Morner,  1976)  and 
with  differences  in  vertical  tectonic  motion  in  different 
areas  or  variations  in  the  geometry  of  oceans  and  seas. 
The  strategy  of  determining  global  Silurian  sea-level  fluc¬ 
tuations  on  the  basis  of  cyclic  carbonates  from  stable  era- 
tons  (Johnson,  1996)  features  the  model  in  Figure  1.1,  in 
which  tectonism  is  quiescent  over  extensively  flooded 
platforms  on  several  paleocontinents.  Transgression  and 
burial  of  coastal  topography  by  marine  sediments  under 
such  conditions  would  seem  to  provide  an  ideal  estimate 
of  absolute  changes  in  water  depth.  The  greatest  chal¬ 
lenge  to  overcome,  in  this  case,  is  proof  of  tectonic  quies¬ 
cence.  In  reality,  relative  change  in  sea-level  at  any  one 
time  or  place  is  most  likely  due  to  some  combination  of 
eustatic  and  tectonic  effects  (Figure  1.3-1. 6).  The  most 
convincing  situation  by  which  to  gauge  eustatic  change  is 
a  variant  of  the  model  in  Figure  1.3,  in  which  a  major 
eustatic  rise  drowns  coastal  topography  that  is  undergo¬ 
ing  modest  tectonic  uplift.  The  disadvantage  in  this 
model  is  that  measurement  of  eustatic  change  is  obscured 
by  the  additive  but  weaker  component  of  tectonic 
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FIGURE  1 — Six  models  (1-6)  of  the  variable  dynamics  that  control 
fluctuations  in  relative  sea-level,  where  the  two  components  are  eustasy 
and  tectonism.  Under  ideal  conditions  (model  1),  erosion  and  burial  of 
coastal  topography  serve  as  a  measure  of  eustatic  rise  when  the  tectonic 
component  is  quiescent.  The  most  favorable  condition  to  measure 
eustatic  rise  is  that  in  which  a  minor  but  detectable  component  of 
tectonic  uplift  is  offset  by  a  major  eustatic  rise  (variant  of  model  6). 


change.  The  advantage,  however,  is  positive  identifica¬ 
tion  and  limitation  of  the  role  of  the  tectonic  component. 

Certain  assumptions  regarding  the  development 
and  burial  of  coastal  topography  must  be  made  in  order 
to  apply  the  following  data  to  the  calibration  of  Silurian 
eustasy.  Rocky  shorelines  are  considered  durable  markers 
of  paleoshorelines  that  form  during  episodes  of  relative 
fall  or  standstills  in  sea-  level.  Rocky  shorelines  may  con¬ 
tinue  to  erode  during  relative  rise  in  sea-level,  but  the 
burial  or  overstepping  of  rocky  shores  by  marine  sedi¬ 
ments  is  the  critical  result  of  a  rapid  rise  in  relative 
sea-level.  Similarly,  coastal  valleys  form  primarily  during 
episodes  of  relative  sea-level  fall  when  downcutting  is 
stimulated  by  changes  in  stream  gradient.  Coastal  valleys 
are  prone  to  fill  with  terrestrial  sediments  during  a 
stillstand  in  relative  sea-level,  but  ultimately  should  fill 
with  marine  sediments  during  a  rapid  rise  in  relative 
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Table  1 — Summary  of  Silurian  coastal  topography. 


Global  Feature  Relief  Location  Paleocontinent  Reference 

event 


8 

Rocky  shore 

30  m 

8 

Rocky  shore 

>23  m 

7 

Rocky  shore 

? 

7 

Rocky  shore 

1-2  m 

6 

Rocky  shore 

? 

6 

Rocky  shore 

? 

5 

Rocky  shore 

2  m 

4 

Rocky  shore 

53  m 

3 

Rocky  shore 

2m 

3 

Rocky  shore 

? 

2 

Paleovalley 

65  m 

2 

Rocky  shore 

63  m 

1 

Paleovalley 

41  m 

1 

Paleovalley 

70  m 

1 

Paleohill 

70  m 

1 

Paleovalley 

275  m 

1 

Paleovalley 

50  m 

1 

Paleovalley 

10m 

1 

Rocky  shore 

? 

Ohio 

Laurentia 

Inner  Mongolia 

North  China 

Gotland 

Baltica 

Gotland 

Baltica 

Inner  Mongolia 

North  China 

Czech  Republic 

Perunica 

Gotland 

Baltica 

Illinois  &  Wisconsin 

Laurentia 

Welsh  Borderland 

Avalonia 

Welsh  Borderland 

Avalonia 

WeBh  Borderland 

Avalonia 

Guizhou  Province 

South  China 

Iowa 

Laurentia 

Iowa  &  Illinois 

Laurentia 

Dalarna 

Baltica 

Saudi  Arabia 

Gondwana 

Jordan 

Gondwana 

Ireland 

Avalonia? 

Wales 

Avalonia 

Kahle  (1988) 

Li  et  al.  (1984) 

Cherns  (1982) 

Keeling  &  Kershaw  (1994) 

Li  et  al.  (1984) 

Kriz  (1992) 

Riding  &  Watts  (1991) 
Kluessendorf  &  Mikulic  (1996) 
Reading  &  Poole  (1961) 
Whittard  (1932) 

Ziegler  et  al.  (1968) 

Rong  &  Johnson  (1996) 

Brown  &  Whitlow  (1963) 

Du  Bois  (1945);  Parker  (1971) 
Brenchley  &  Newall  (1980) 
Vasley  (1990) 

Powell  et  al.  (1994) 

Parkes (1993) 

Cave  &  Dixon  (1993) 


sea-level.  Calibrating  the  depth  gradient  of  the  global  Sil¬ 
urian  sea-level  curve  is  essentially  a  matter  of  correlating 
specific  unconformities  with  the  given  lowstands  or 
onlap  events  considered  to  be  eustatic  in  origin.  Biostrati- 
graphic  precision  relies  on  the  ability  of  the  onlap  sedi¬ 
ments  to  preserve  key  zone  fossils,  and  such  precision  is 
likely  to  be  variable.  Given  an  appropriate  biostrati- 
graphic  correlation,  the  depth  to  which  coastal  topo¬ 
graphic  relief  is  buried  by  onlapping  marine  sediments 
during  a  global  event  provides  only  a  minimum  estimate 
of  sea-level  rise.  Multiple  sources  of  comparable  data 
from  different  paleocontinents  increase  the  reliability  of 
the  eustatic  calibration. 

Literature  Review 


The  Silurian  sea-level  curve  of  Johnson  (1996)  is  modi¬ 
fied  in  Figure  2,  with  additional  range  lines  that  mark  the 
association  of  coastal  paleotopography  with  eustatic 
events.  Data  from  specific  sites  that  preserve  paleo¬ 
topography  are  related  to  each  of  eight  different  high- 
stands  in  sea-level  (or  the  immediately  preceding 
lowstand).  References  to  the  original  literature  are  pro¬ 
vided  in  Table  1.  These  data  are  summarized  below,  with 
a  division  of  the  Silurian  System  into  its  lower  and  upper 
parts  and  their  component  stages. 

The  Lower  Silurian  consists  of  the  Llandovery  and 
Wenlock  Series  (Holland  and  Bassett,  1989).  The  Llan¬ 
dovery  records  four  eustatic  highstands  that  correspond 


to  events  preserved  in  the  Rhuddanian,  Aeronian,  lower 
Telychian,  and  upper  Telychian  Stages  (Johnson,  1996; 
Figure  2).  The  Wenlock  contains  evidence  of  a  pair  of 
closely  related  but  minor  highstands  at  the  middle  and 
top  of  the  Sheinwoodian  Stage. 

Rhuddanian  TRANSGRESSIVE  EVENT.— Paleovalleys  as¬ 
sociated  with  the  Ordovician-Silurian  unconformity 
provide  a  wealth  of  topographic  information.  McClure 
(1978,  p.  323)  mapped  the  Jebel  Sarah  paleovalley  in 
north-central  Saudia  Arabia  over  a  distance  of  25  km. 
Although  he  indicated  that  this  valley  cuts  through  a 
thick  sequence  of  Ordovician  (Arenig-Caradoc  Series) 
strata,  he  did  not  attempt  to  quantify  topographic  relief. 
Vaslet  (1990)  described  eighteen  additional  valleys  asso¬ 
ciated  with  the  Jebel  Sarah  paleovalley,  some  up  to  50 
km  in  length.  The  paleovalley  floors  are  often  glacially 
striated.  Assigned  to  the  Jebel  Sarah  Formation,  the  val¬ 
ley  fill  has  a  maximum  thickness  of  300  m  in  its  down¬ 
stream  part,  and  consists  of  medium-grained,  cross- 
bedded  sandstone  interbedded  with  layers  of  reworked 
tillite.  A  second  glacial  advance  may  be  represented  by 
the  54  m-thick  Hawban  Member  at  the  top  of  the  Jebel 
Sarah  Formation.  An  assemblage  of  unspecified  Early 
Silurian  acritarchs  and  chitinozoans  is  said  to  occur  in 
the  upper  part  of  the  Jebel  Sarah  Formation  (Vaslet, 
1990,  p.  155),  which  suggests  that  the  Ordovician- 
Silurian  boundary  occurs  within  this  unit. 

A  cross-section  of  paleovalleys  drawn  to  scale  by 
Vaslet  (1990,  p.  152)  may  be  open  to  interpretation,  but 
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the  relief  appears  to  have  been  no  less  than  275  m.  Simi¬ 
lar  Late  Ordovician-Early  Silurian  glacio-fluvial  depos¬ 
its  are  documented  in  southern  Jordan  by  Powell  et  al. 
(1994).  The  minimum  known  topographic  relief  of  these 
valleys  is  50  m.  Clearly,  downcutting  of  the  Saudi  Ara¬ 
bian  and  Jordanian  valleys  occurred  during  one  or  more 
episodes  of  Late  Ordovician  glaciation.  Partial  infill  by 
terrestrial  sediments  also  took  place  during  the  Late 
Ordovician. 

The  far-reaching  effect  of  lowered  sea-level  due  to 
the  Late  Ordovician  glaciations  is  placed  in  perspective 
by  considering  paleovalleys  that  formed  on  paleo- 
continents  remote  from  Gondwana.  In  North  America, 
the  Upper  Ordovician  Maquoketa  Shale  is  a  marine  unit 
that  is  widespread  in  the  subsurface  of  Iowa  and  Illinois. 
Whitlow  and  Brown  (1963,  p.  Cll)  studied  Ordovician- 
Silurian  boundary  outcrops  in  Dubuque  County,  eastern 
Iowa,  where  they  reported  "an  ancient  erosion  surface  on 
the  Maquoketa  Shale"  with  41  m  of  relief.  According  to 
isopach  maps  of  the  Maquoketa  Shale  for  Illinois  and 
Iowa  (Du  Bois,  1945;  Parker,  1971),  maximum  thickness  of 
the  formation  is  somewhat  greater  than  100  m  and  mini¬ 
mum  thickness  (exclusive  of  post-Silurian  erosion)  is 
somewhat  more  than  30  m.  This  means  that  the  maxi¬ 
mum  relief  of  paleovalleys  that  were  subaerially  eroded 
into  the  Maquoketa  Shale  and  subsequently  capped  by 
Silurian  marine  sediments  was  on  the  order  of  70  m.  In 
Iowa,  the  largest  valleys  appear  to  have  been  100  km  in 
length  (see  Parker,  1971,  map  1). 

No  paleovalleys  are  known  at  the  Ordovician- 
Silurian  boundary  in  western  New  York,  although  the 
Cherokee  Unconformity  is  a  well-defined  erosion  surface 
that  stretches  500  km  west  from  the  Middle  Ordovician- 
Silurian  Taconic  orogen  (Brett  et  al.,  1990;  Goodman  and 
Brett,  1994).  The  Silurian  of  western  New  York  is  divided 
into  six  major  sequences,  the  first  of  which  includes  the 
42  m-thick  Medina  Group,  which  is  truncated  by  the 
Cherokee  Unconformity  (Brett  et  al.,  1990,  p.  201).  Com¬ 
paction  of  muddy  sediments  is  not  considered  a  factor 
here,  nor  is  uplift  of  the  Taconic  orogen,  and  the  actual 
rise  in  sea-level  during  deposition  of  the  Rhuddannian 
Medina  Group  was  certainly  more  than  42  m. 

Paleokarst  formed  on  the  top  of  the  Upper  Ordovi¬ 
cian  Portrane  Limestone  Formation  is  unconformably 


FIGURE  2 — (opposite)  Silurian  eustatic  curve  with  the  burial  history  of 
particular  paleovalleys  and  rocky  shorelines  marked  by  black  vertical 
bars  under  the  zero  column  that  indicates  land  (revised  from  Johnson, 
1996).  Relative  bathymetry  of  sea-level  curve  is  indicated  by  numbers  1 
(shallow)  to  6  (deep),  which  represent  benthic  assemblage  zones. 
Definition  of  series  and  stage  boundaries  in  Holland  and  Bassett  (1989). 


overlain  by  purported  Wenlock  strata  on  the  coast  of  east¬ 
ern  Ireland  (Parkes,  1993).  A  paleorelief  of  10  m  is  attrib¬ 
uted  to  erosion  during  a  drop  in  sea-level  with  the  Late 
Ordovician  glaciation  of  Gondwana. 

A  rocky  shore  of  Rhuddanian  Age  occurs  in  central 
Wales  at  Welshpool,  where  the  Silurian  Powis  Castle 
Conglomerate  rests  against  columnar-join  ted,  igneous 
rocks  of  an  oligoclase-trachyte  composition  (Cave  and 
Dixon,  1993).  It  is  evident  that  the  igneous  rock  was  the 
source  of  cobble-  to  boulder-sized  clasts  in  this  Lower 
Silurian  conglomerate.  No  information  is  available  on  the 
thickness  of  the  conglomerate  or  the  topographic  relief  of 
the  igneous  cliffs. 

Karstified  rocky  islands  formed  on  the  Boda  Lime¬ 
stone  were  subaerially  exposed  in  Dalarna,  southern 
Sweden,  at  the  end  of  the  Ordovician.  These  features 
probably  persisted  as  topographic  highs  during  the  earli¬ 
est  Silurian.  Fissures  reach  down  to  a  depth  of  more  than 
30  m  from  the  top  of  the  mound-like  islands.  They  exhibit 
calcite  linings  that  resemble  speleothem  drip-stone 
(Brenchley  and  Newall,  1980).  If  the  tops  of  the  mounds 
were  at  or  just  below  wave  base  prior  to  the  Late  Ordovi¬ 
cian  regression,  "the  total  fall  in  sea  level  at  the  end  of  the 
Ordovician  would  have  been  in  the  order  of  70  m" 
(Brenchley  and  Newall,  1980,  p.  34). 

A  maximum  of  70  m  of  eustatic  fall  and  rise  appears 
to  be  a  reasonable  estimate  for  the  Ashgill  regressive  and 
Rhuddanian  transgressive  events  in  North  America  and 
Scandinavia.  Ordovician-Silurian  paleovalleys  in  the 
Middle  East  show  much  more  topographic  relief  than  the 
hills  on  the  Maquoketa  Formation  in  Laurentia  or  the 
Boda  Limestone  mounds  of  Baltica,  but  ice  loading  on 
Gondwana  and  isostatic  rebound  was  likely  to  have  been 
a  contributing  factor. 

AERONIAN  TRANSGRESSIVE  EVENT.— The  second  Silurian 
highstand  in  sea-level  is  recorded  in  the  Aeronian,  and  is 
coincident  with  the  lower  Monograptus  sedgivickii  Zone 
(graptolites)  (Johnson,  1996;  Figure  2).  An  example  of  a 
small  Ordovician-Silurian  paleovalley  cut  during  this 
global  event  is  Hope  Valley  in  the  Welsh  Borderland 
(Whittard,  1932,  p.  893-895;  Ziegler  et  al.,  1968,  p.  743; 
Bridges,  1975,  p.  80).  The  1  km-wide  valley  contains  rem¬ 
nants  of  the  Silurian  Venusbank  Formation,  which  sits 
unconformably  at  various  elevations  on  the  Lower  Or¬ 
dovician  (Llanvirn)  Hope  Shales.  Now  exhumed  to  its 
original  pre-Aeronian  dimensions,  the  modern  valley  re¬ 
tains  enough  of  the  Venusbank  Formation  to  suggest  that 
this  formation  filled  the  valley  to  a  depth  of  65  m.  Fossils 
in  this  sandstone  unit  include  brachiopods  transitional 
between  Stricklandia  lens  intermedia  and  S.  lens  progressa 
(Ziegler  et  al.,  1968,  p.  744),  and  provide  a  precise  correla- 
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tion  with  the  Aeronian  transgressive  event  (see  Bassett, 
1989,  p.  234). 

An  exceptional  example  of  a  karstic  and  rocky 
shoreline  buried  during  this  global  event  is  found  near 
the  village  of  Wudang  in  central  Guizhou  Province,  south 
China  (Rong  and  Johnson,  1996).  The  Silurian  Kaochai- 
tien  Formation  near  Wudang  oversteps  a  63  m-high 
escarpment  that  was  eroded  in  the  Ordovician  Huang- 
huachong  and  underlying  Guniutart  Formations.  The 
local  unconformity  at  the  Ordovician-Silurian  boundary 
is  variable  in  depth  over  a  distance  of  only  0.8  km,  and 
cuts  out  all  or  parts  of  the  Ordovician  Llanvirn,  Caradoc, 
and  Ashgill  Series,  as  well  as  all  or  parts  of  the  Lower  Si¬ 
lurian  Rhuddanian  and  Aeronian  Stages.  Much  of  the 
Ashgill,  all  of  the  Rhuddanian,  and  much  of  the  Aeronian 
are  absent  in  the  Wudang  area.  This  gap  gradually  closes 
north  over  a  distance  of  250  km,  which  indicates  that  cen¬ 
tral  Guizhou  underwent  modest  tectonic  uplift  and  sub¬ 
aerial  erosion  during  the  missing  interval.  The  actual 
eustatic  rise  must  have  been  somewhat  more  than  63  m, 
because  it  overtook  minor  tectonic  uplift  at  this  locality. 
This  example  depicts  one  variant  of  the  model  shown  in 
Figure  1.3.  Although  located  on  paleocontinents  widely 
separated  from  one  another,  Flope  Valley  (Avalonia)  and 
the  Wudang  escarpment  (South  China)  experienced  com¬ 
parable  submergence  during  the  same  interval  of  time. 

Early  TelYCHIAN  TRANSGRESSIVE  EVENT.— The  third  Sil¬ 
urian  highstand  in  sea  level  is  recorded  in  the  lower 
Telychian  Stage,  and  is  coincident  with  the  Spirograptus 
guerichi  Zone  (graptolites)  (Loydell,  1994;  Figure  2).  The 
time  of  transgression  of  a  rocky  shoreline  that  is  exposed 
at  the  Gullet  Quarry  in  the  Malvern  Hills  of  the  Welsh 
Borderland  matches  this  interval.  Literature  on  the 
Malvern  Line  as  a  Silurian  coastline  is  extensive,  but  the 
best  descriptive  reports  are  those  by  Reading  and  Poole 
(1961,  1962)  and  Brooks  and  Druce  (1965).  At  the  Gullet 
Quarry,  basal  conglomerate  and  sandstone  layers  of  the 
Silurian  Wyche  Beds  rest  unconformably  at  a  steep  angle 
against  tilted  Precambrian  pegmatitic  gneiss  and  schists. 
The  optimal  exposure  of  this  unconformity  in  the  early 
1960s  showed  a  thin  cover  of  Silurian  on  a  "very  irregu¬ 
lar"  surface  of  Precambrian  basement  rocks  with  an  area 
of  approximately  250  m2.  This  surface  featured  Precam¬ 
brian  knobs  that  protrude  through  the  overlying  Silurian 
strata  as  "sea  shore  stacks"  (Reading  and  Poole,  1962,  p. 
378).  No  measurements  of  these  Silurian  sea  stacks  were 
made,  and  the  outcrop  photo  published  by  Reading  and 
Poole  (1961,  pi.  15)  indicates  only  75  cm  of  topographic 
relief  on  the  unconformity.  Brooks  and  Druce  (1965,  p. 
372)  described  a  20  cm-wide  "neptunian  dyke"  that  could 
be  followed  1.25  m  "below  the  Pre-Cambrian  surface." 
Combining  these  two  elements,  a  minimum  of  2  m  of 


relief  existed  prior  to  the  Silurian  transgression.  Con- 
odonts,  including  Apsidognathus  tuberculcita,  were  recov¬ 
ered  from  the  basal  Silurian  at  this  locality  (Brooks  and 
Druce,  1965).  The  same  beds  also  have  the  brachiopod 
Eocoelia  curtisi  (Ziegler  et  al.,  1968,  p.  757).  Although 
Brooks  and  Druce  (1965)  regarded  the  biostratigraphy  in¬ 
dicated  by  their  conodont  data  as  being  at  odds  with  the 
brachiopod  data,  all  occurrences  are  consistent  with  an 
early  Telychian  Age  (Bassett,  1989,  p.  234;  Aldridge  and 
Schonlaub,  1989,  p.  276). 

Whittard  (1932,  p.  866,  867)  described  basal  Silurian 
deposits  of  conglomerate  and  pebbly  grit  that  rest  on  Pre¬ 
cambrian  Purple  Slates  in  the  Plowdon  area  adjacent  to 
the  Long  Mynd  in  the  Welsh  Borderland.  The  conglomer¬ 
ates  have  subangular  clasts  of  Precambrian  slate,  and  the 
name  "Kenley  Grit"  was  applied  by  Ziegler  et  al.  (1968,  p. 
745),  who  estimated  a  maximum  thickness  of  20  m. 
Whittard  (1932,  p.  893)  pointed  out  that  "islets  or 
sea-stacks"  are  surrounded  by  Silurian  pebble  banks.  The 
amount  of  topographic  relief  on  an  islet  is  shown  by  a 
field  photo  of  the  excavated  unconformity  from  a  site  in 
one  of  the  abandoned  quarries  in  Park  Plantation 
(Whittard,  1932,  pi.  58).  The  age  of  this  transgression  is 
more  difficult  to  assess,  but  Whittard  (1932,  p.  873)  also 
recognized  "a  gradation  along  strike  from  arenaceous  to 
argillaceous  sediments"  and  reported  graptolites  of  the 
Monograptus  turriculatus  Zone  immediately  above  the 
unconformity.  In  a  review  of  these  data,  Ziegler  et  al. 
(1968,  p.  746)  accepted  a  "fairly  rapid  increase  in  depth 
westwards  from  the  Long  Mynd"  through  the  Aeronian- 
Telychian  transition. 

The  standard  sea-level  curve  (Johnson,  1996;  Figure 
2)  suggests  that  the  second  and  third  highstands  of  the 
Early  Silurian  were  equal  in  eustatic  effect.  Unfortu¬ 
nately,  the  best  understood  unconformities  along  the 
Welsh  Borderland  at  Gullet  Quarry  and  at  Plowden  pro¬ 
vide  insufficient  exposure  to  test  this  prediction. 

Late  Telychian  transgressive  event.— The  global 
sea-level  curve  (Johnson,  1996;  Figure  2)  indicates  that 
the  fourth  highstand,  as  recorded  in  the  upper  Telychian, 
represents  the  maximum  rise  in  sea-level  of  the  entire  Sil¬ 
urian.  This  interpretation  is  based  on  evidence  derived 
from  community-replacement  patterns  in  the  strati¬ 
graphic  sequence. 

A  regional  karstic  unconformity  associated  with 
transgressive  strata  is  referable  to  this  interval  and 
forms  a  prominent  sequence  boundary  in  the  Lower  Sil¬ 
urian  of  Illinois  and  Wisconsin.  Part  of  a  gently  sloping, 
8  m-high  paleoscarp  at  Waukesha,  Wisconsin  was  illus¬ 
trated  by  Klussendorf  and  Mikulic  (1996,  p.  179)  at  a 
quarry  that  exposes  the  basal  Brandon  Bridge  Group. 
The  Brandon  Bridge  wedges  out  over  a  distance  of 
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100  m  against  a  beveled  surface  on  the  older  Byron  and 
Schoolcraft  Formations.  This  paleoscarp  forms  steps  on 
the  lower,  more  resistant  Byron  Formation  at  other  lo¬ 
calities.  The  age  of  the  overlying  Brandon  Bridge  Group 
is  constrained  by  conodonts  of  the  Pterospathodus  celloni 
and  P.  amorphognathoides  Zones.  Based  on  regional  varia¬ 
tions  in  the  thickness  of  strata  above  and  below  the 
unconformity,  the  minimum  topographic  relief  along  a 
north-south  transect  is  taken  as  approximately  53  m  (J. 
Kluessendorf,  personal  commun.,  1996).  This  estimate  is 
of  the  same  order  of  magnitude  as  that  calculated  for  the 
earlier  Aeronian  transgressive  event,  but  smaller  than 
predicted  by  the  global  sea-level  curve  based  on  com¬ 
munity  replacement  patterns. 

Middle  Wenlock  transgressive  events.— A  small 
global  rise  in  sea-level  is  suggested  by  two  closely  re¬ 
lated  peaks  that  have  been  grouped  together  for  conve¬ 
nience  as  a  fifth  eustatic  event  in  the  middle-late 
Sheinwoodian  (Johnson,  1996;  Figure  2).  On  the  island 
of  Gotland,  Sweden,  the  Kopparsvik  Formation  of 
Riding  and  Watts  (1991),  or  Tofta  Limestone  in  the  older 
literature,  features  several  erosion  surfaces  in  the  lower 
Sheinwoodian  that  predate  these  highstands.  The  chan¬ 
nelled  erosion  surface  on  which  the  Halsjarnet  Member 
rests  cuts  through  two  underlying  members  of  the 
Kopparsvik  Formation.  The  Halsjarnet  Member  fills  ap¬ 
proximately  2  m  of  topographic  relief  that  is  exposed  in 
quarry  walls  near  Visby  (Riding  and  Watts,  1991,  p.  361). 
The  upper  part  of  the  Halsjarnet  Member  is  beveled  by 
another  erosion  surface.  The  biostratigraphy  at  these 
levels  (Jeppsson  et  al.,  1994)  is  consistent  with  the  early 
Sheinwoodian  lowstand.  The  succeeding  Slite  Beds 
probably  represent  the  culmination  of  the  fifth  trans¬ 
gressive  event,  as  recorded  on  Gotland. 

The  Ludlow  and  Pridoli  Series  comprise  the  Upper 
Silurian  (Holland  and  Bassett,  1989).  The  lower  Gorstian 
and  middle  Ludfordian  Stages  of  the  Ludlow  record  the 
sixth  and  seventh  highstands  in  Silurian  sea-level,  with 
an  intervening  lowstand  that  is  coincident  with  the 
Saetograptus  leintwardinensis  Zone  (graptolites)  (Johnson, 
1996;  Figure  2).  The  eighth  highstand  in  global  sea  level  is 
interpreted  to  be  midway  through  the  Pridoli  Series. 

Early  Gorstian  transgressive  event.— Basalts  and 
volcaniclastics  from  the  uppermost  Wenlock  and  lower¬ 
most  Ludlow  are  associated  with  the  major  eruptions  of 
the  Svaty  Jan  volcanic  center  in  Bohemia.  On  the 
Berounka  River,  lower  Gorstian  limestone  with  a  moder¬ 
ately  rich  brachiopod  and  trilobite  fauna  rests  un- 
conformably  on  basalt.  Corals  are  attached  directly  to  the 
unconformity  surface  (Kriz  1992,  p.  70). 


Ordovician  quartz  diorites  in  the  Bateaobao  area  of 
Inner  Mongolia  on  the  North  China  paleocontinent  are 
overlain  by  basal  conglomerates  and  limestone  of  the 
Bateaobao  Formation  (Li  et  al.,  1984).  Maximum  thick¬ 
ness  of  the  basal  conglomerate  is  5  m.  Considered  to  be 
late  Wenlock  to  early  Ludlow,  the  limestone  includes 
such  brachiopods  as  Conchidium  and  such  tabulate  corals 
as  Favosites. 

The  paleorelief  is  unknown  at  these  localities  in  the 
Czech  Republic  and  China.  However,  the  unconformities 
lay  at  an  elevation  that  was  inundated  by  a  transgression 
near  the  start  of  Ludlow  time. 

LUDFORDIAN  TRANSGRESSIVE  EVENT.— The  initial  trans¬ 
gressive  stages  of  this  event  may  be  recorded  by  burial  of 
karstic  unconformities  within  and  on  the  Hemse  Group 
on  the  island  of  Gotland,  Sweden.  On  the  east  shore  of 
Gotland  at  Kuppen,  an  unconformity  with  a  1-2  m-high 
cliff  is  preserved  as  a  karst  surface  within  the  upper 
Hemse  (Keeling  and  Kershaw,  1994).  A  similar  karstic 
unconformity  occurs  at  the  boundary  between  the  Hemse 
Group  and  overlying  Eke  Formation  about  20  km  south¬ 
west  of  Kuppen  (Chems,  1982).  These  levels  in  the  upper 
part  of  the  Hense  Group  fall  within  the  Polygnathoides 
siluricus  Zone  (conodonts),  which  is  equivalent  to  the 
upper  Saetograptus  leintwardinensis  Zone  (graptolites) 
(Jeppsson  et  al.,  1994).  Lowstands  in  sea-level  clearly  pro¬ 
moted  the  erosion  of  Silurian  karstic  shorelines  during 
this  interval  and  were  followed  by  sea-level  rises  that  led 
to  their  burial. 

PRIDOLIAN  TRANSGRESSIVE  EVENT. — The  lowstand  pre¬ 
ceding  this  event  may  have  occurred  before  the  end  of 
Ludlow  time,  with  the  ensuing  transgressive  event  span¬ 
ning  the  Ludlow-Pridoli  boundary  but  peaking  well  into 
Pridoli  time  (Johnson,  1996;  Figure  2).  A  significant 
paleokarst  occurs  around  this  boundary  in  Ohio  on  the 
Findlay  Arch  of  the  Laurentian  paleocontinent.  Accord¬ 
ing  to  Kahle  (1988,  p.  250),  "The  Lockport/Peebles  and 
Greenfield  contact  in  western  Ohio  is  a  major,  regional, 
subaerial  unconformity  even  though  as  seen  in  quarry 
walls  this  contact  never  has  over  3  m  of  erosional  relief." 
Kahle  (1988)  predicted  that  subsurface  data  will  eventu¬ 
ally  show  this  contact  to  have  over  30  m  of  erosional 
relief.  The  Greenfield  is  a  dolostone,  which  is  partly 
upper  Ludlow  on  the  occurrence  of  the  brachiopod 
Plicocoelina  occidentals  just  above  the  unconformity 
(Boucot  and  Johnson,  1966).  This  relationship  appears  to 
be  another  example  of  the  model  in  Figure  1.3,  in  which 
eustatic  rise  overcame  regional  tectonic  uplift  of  a  lesser 
magnitude. 

South  of  Gashaomiao  in  the  Bateaobao  area  of  Inner 
Mongolia,  northern  China,  Pridoli  deposits  of  the  Xibiehe 
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Formation  include  a  sequence  of  conglomerate  and  inter¬ 
calated  shale  and  limestone  lenses  that  rests  uncon- 
formably  on  granodiorite  of  Ordovician  age.  Published 
outcrop  photos  (Li  et  al.,  1984)  hint  at  the  paleorelief  in¬ 
undated  by  this  transgression,  but  this  relief  has  not  been 
measured.  It  may  be  useful  to  note,  however,  that  the 
basal  conglomerate  of  the  Xibiehe  Formation  is  23  m 
thick.  This  thickness  clearly  indicates  a  ready  source  of 
eroded  clasts,  and  implies  a  significant  paleorelief.  The 
succeeding  shales  and  limestone  lenses  yield  an  abun¬ 
dant,  relatively  low-diversity  brachiopod  fauna  with 
Atrypoidea,  Gypidula,  Howellella,  Linguopugnoides,  Retziella, 
and  Stegerhynchus.  These  indicate  a  position  in  the  upper 
subtidal  range. 

Discussion 


The  realization  that  ancient  shorelines  may  be  used  to 
recognize  and  gauge  minimum  relative  changes  in  sea- 
level  has  a  long  history  dating  back  to  works  by  Benoit 
De  Maillet  and  Robert  Chambers  in  the  18th  and  19th 
centuries  (Johnson,  1992).  Data  on  rocky  shores  from  in¬ 
tervals  older  than  the  Pleistocene,  however,  are  difficult 
to  find  in  the  published  literature.  Two  reasonable  expla¬ 
nations  for  this  situation  are  possible.  One  inference  con¬ 
cedes  the  incompleteness  of  the  stratigraphic  record.  Ex¬ 
cluding  glaciated  coasts,  the  majority  of  modern  rocky 
shores  are  associated  with  active  continental  margins, 
island  arcs,  and  island  hot  spots  (Johnson,  1988).  These 
environments  are  susceptible  to  tectonic  uplift  and  ero- 
sional  degradation  over  short  periods  of  geological  time. 
Much  of  the  surviving  Paleozoic  record  involves  epicon¬ 
tinental  deposits  well-removed  from  active  plate  bound¬ 
aries.  Ordovician-Silurian  sea-level  also  was  much 
higher  than  today,  and  the  length  of  earth's  epicontinen¬ 
tal  shorelines  (tectonically  stable  or  not)  was  accordingly 
smaller.  Another  inference  draws  not  on  the  limitations  of 
the  stratigraphic  record,  but  on  our  ability  to  extract  use¬ 
ful  data  from  the  available  record.  An  ancient  rocky  shore 
may  become  an  unconformity,  wherein  a  sharp  boundary 
exists  between  a  resistant  substrate  overlain  by  littoral 
deposits.  The  stratigraphic  record  is  replete  with  uncon¬ 
formities,  many  of  which  undoubtedly  fit  this  narrow 
definition.  Silurian  rocky  shorelines,  as  those  dating  from 
any  other  time  interval,  are  probably  "more  overlooked 
than  rare"  (Johnson,  1992,  p.  804).  The  same  argument 
certainly  reflects  on  coastal  paleovalleys  as  yet  another 
variant  of  geological  unconformity. 

It  is  not  the  intent  of  this  review  to  insist  that  all  ex¬ 
amples  of  Silurian  rocky  shores  or  all  coastal  valleys  must 
exhibit  burial  histories  consistent  with  patterns  of  global 


flooding  events.  The  Panuara  hiatus  in  central  New 
South  Wales,  for  example,  involves  various  unconform¬ 
ities  among  marine  sedimentary  rocks  that  completely 
cut  out  the  time-rock  intervals  belonging  to  the  Mono- 
graptus  convolutus  and  succeeding  M.  sedgivickii  Zones 
(Jell  and  Talent,  1989,  p.  188).  These  two  zones  encompass 
the  second  transgressive-regressive  cycle  in  the  sequence 
of  Silurian  global  events  (Johnson,  1996;  Figure  2).  The 
nonalignment  of  this  particular  hiatus  does  not  invalidate 
arguments  for  a  Silurian  highstand  coeval  with  the  M. 
sedgivickii  Zone.  The  widespread  Panuara  hiatus  merely 
demonstrates  that  regional  uplift  in  New  South  Wales 
was  more  significant  than  coeval  changes  in  global 
sea-level.  The  Panuara  hiatus  is  a  good  example  of  the 
model  in  Figure  2.4,  in  which  a  relative  drop  in  sea-level 
is  linked  with  a  coeval  major  episode  of  tectonic  uplift 
and  a  comparatively  weak  eustatic  rise.  Although  the 
Panuara  hiatus  obscures  evidence  for  the  postulated 
Aeronian  highstand  in  sea-level,  it  is  worthy  to  note  that 
basal  units  of  the  Waugoola  Group  above  the  Panuara 
unconformity  show  an  early  Telychian  rise  in  sea-level 
(Jell  and  Talent,  1989,  p.  188).  This  relationship  suggests 
that  the  episode  of  regional  tectonic  uplift  associated  with 
the  Panuara  hiatus  eventually  ran  its  course  and  was  fol¬ 
lowed  by  the  next  global  rise  in  sea-level  at  the  beginning 
of  Telychian  time  (Johnson,  1996;  Figure  2). 

A  model  in  which  a  global  drop  in  sea-level  results 
in  a  local  transgression  due  to  stronger  regional  subsid¬ 
ence  of  the  adjacent  coastline  (Figure  1.6)  is  equally  valid 
as  a  possible  scenario.  We  are  not  aware  of  a  Silurian 
example,  but  such  a  situation  would  be  seen  as  a  local 
onlap  inconsistent  with  sea-level  changes  that  show  the 
global  lowstand  elsewhere.  There  are  exceptions  to  every 
rule,  and  the  eustatic  curve  interpreted  for  the  Silurian 
should  be  regarded  only  as  a  general  guideline. 

The  fact  that  some  Silurian  rocky  shores  may  have 
only  low  relief,  as  do  the  karst  features  on  Gotland 
(Cherns,  1982;  Riding  and  Watts,  1991;  Keeling  and 
Kershaw,  1994),  has  some  bearing  on  the  length  of  time 
represented  by  the  unconformity.  Simply  because  these 
rocky  shores  may  have  been  quite  low,  however,  does  not 
mean  the  transgressions  that  enveloped  them  were  mi¬ 
nor.  A  substantial  rise  in  sea-level  will  more  easily  inun¬ 
date  low-relief  coasts  than  those  with  higher  relief.  The 
end  result  is  that  a  low-relief  coast  is  drowned  more  rap¬ 
idly  arid  to  a  greater  extent.  It  may  be  less  useful  than  a 
coast  of  high  relief  in  determining  the  depth  of  submer¬ 
gence,  but  it  still  marks  the  local  time  of  transition 
between  regression  and  transgression. 

Much  future  work  is  necessary  to  expand  and 
strengthen  insights  on  the  absolute  range  of  water  depth 
represented  by  global  changes  in  Silurian  sea-level.  The 
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extensive,  older  literature  from  the  Silurian  type  areas  in 
Wales  and  the  Welsh  Borderland  provides  mostly  anec¬ 
dotal  information  on  unconformities  on  ancient  rocky 
shorelines.  No  focused  attempt  was  made  to  measure  the 
topographic  relief  buried  at  the  Ordovician-Silurian 
boundary  or  at  intra-Silurian  unconformities.  Whatever 
the  coverage,  traditional  stratigraphical-paleontological 
reports  tend  to  regard  unconformities  of  any  age  merely 
as  convenient  boundaries  that  separate  rock  units.  Only 
rarely  are  the  thicknesses  of  rock  units  above  and  below 
an  unconformity  surface  given  spatial  consideration  and 
related  to  one  another  in  order  to  reconstruct  paleo- 
topography.  Only  three  studies  cited  herein  were  under¬ 
taken  explicitly  as  descriptions  of  Silurian  rocky-shore 
features  (Cherns,  1982;  Keeling  and  Kershaw,  1994;  Rong 
and  Johnson,  1996).  Most  other  references  to  the  rocky- 
shore  localities  reviewed  herein  merit  additional  investi¬ 
gation  in  order  to  recover  more  useful  information.  Other 
outstanding  localities  bearing  on  this  topic  surely  await 
discovery  and  description. 

Only  three  studies  cited  herein  are  devoted  mainly 
to  the  description  of  Silurian  paleovalleys  (Whitlow  and 
Brown,  1963;  Vaslet,  1990;  Powell  et  al.,  1994).  The  Saudi 
Arabian  and  Jordanian  studies  take  advantage  of  outcrop- 
scale  observations,  in  which  well-cemented  sandstones 
that  represent  valley  fill  are  sometimes  exposed  in  relief 
and  are  unobscured  by  the  softer  valley  walls  that  origi¬ 
nally  cradled  them.  Isopach  maps  routinely  consider  spa¬ 
tial  variations  in  the  thicknesses  of  rock  units,  but  seldom 
detail  unconformities  that  are  preserved  in  paleovalleys. 
More  attention  should  be  paid  to  isopach  studies  that 
span  the  Ordovician-Silurian  boundary,  particularly  in 
regions  on  ancient  continents  remote  from  the  Gond- 
wanan  ice  margin. 

Expansion  of  this  data  set  on  Silurian  coastal  topog¬ 
raphy  has  ramifications  beyond  calibration  of  the  Silurian 
sea-level  curve.  Intercontinental  comparison  of  data  may 
further  substantiate  differences  in  hypsometry,  especially 
those  related  to  the  ice  loading  of  Gondwana.  This,  in 
turn,  may  tell  us  something  about  the  thickness  of  the  ice 
margin  around  parts  of  Gondwana.  Data  on  Silurian  to¬ 
pography  and  its  burial  may  help  to  settle  conflicting 
estimates  on  the  absolute  water  depths  at  which  Silurian 
benthic  communities  lived.  Observations  on  the  recurrent 
stratigraphic  patterns  of  key  communities  played  an 
important  role  in  the  definition  of  Silurian  transgressive- 
regressive  cycles  (Johnson,  1987),  but  statements  on  abso¬ 
lute  water  depths  based  on  their  ecology  are  questionable 
(Brett  et  al.,  1993).  By  establishing  a  better  quantification 
of  fluctuating  water  depths  on  extensive  Silurian  epicon¬ 
tinental  platforms,  it  may  also  be  possible  to  clarify  mod¬ 
els  for  changing  patterns  of  oceanic  circulation  connected 


to  extinction  and  diversity  patterns  (Jeppsson,  1990; 
Aldridge  et  al.,  1993). 

Conclusions 


Limited  as  it  is,  this  summary  of  available  data  on 
coastal  erosion  and  marine  onlap  of  paleotopography 
leads  to  at  least  six  conclusions  on  the  repetition  and  ver¬ 
tical  extent  of  sea-level  fluctuations  recorded  widely 
throughout  the  Silurian  world: 

1)  All  eight  known  Silurian  events  (i.e.,  those  begin¬ 
ning  with  a  lowstand  and  culminating  with  a 
highstand)  are  associated  with  the  burial  of 
coastal  topography  at  unconformities  preserved 
in  the  stratigraphic  record. 

2)  Although  paleovalleys  associated  with  the  ice 
margins  of  Gondwana  were  more  deeply  eroded 
(perhaps  due  to  the  effect  of  submarine  ice),  the 
maximum  drawdown  of  global  sea-level  at  the 
end  of  the  Ordovician  and  the  maximum  rise 
during  the  Early  Silurian  (Rhuddanian)  was  ap¬ 
proximately  70  m.  This  figure  is  derived  from 
buried  paleotopography  on  two  paleocontinents 
(Laurentia  and  Baltica). 

3)  A  rise  in  sea-level  of  no  less  than  65  m  occurred 
during  Aeronian  time,  and  is  recorded  by  the  co¬ 
eval  burials  of  a  paleovalley  in  the  Welsh  Border¬ 
land  (Avalonia)  and  a  rocky  escarpment  in  South 
China. 

4)  Modest  tectonic  uplift  in  South  China  preceded  and 
accompanied  the  Aeronian  rise  in  sea-level.  Evi¬ 
dence  for  a  tectonic  component  in  relative  sea-level 
change  makes  identification  of  the  eustatic  compo¬ 
nent  more  reliable  when  linked  with  other  inter¬ 
regional  data.  When  local  topography  underwent 
minor  tectonic  uplift,  eustasy  is  the  only  possible 
cause  for  a  coeval,  substantial  rise  in  sea-level. 

5)  Unconformities  that  show  burial  of  rocky  shore¬ 
lines  are  correlated  with  the  early  Telychian,  late 
Telychian,  middle  Sheinwoodian,  early  Gorstian, 
middle  Ludfordian,  and  Pridoli  transgressions. 

In  most  cases,  descriptions  of  these  features  in 
the  Welsh  Borderland,  Sweden,  China,  and  the 
United  States  provide  little  or  no  information  on 
paleorelief.  The  minimumal  regional  relief  of  a 
karst  surface  buried  during  the  late  Telychian  in 
Laurentia  is  approximately  53  m;  the  minimum 
relief  of  a  similar  karst  surface  buried  during  the 
early  Pridoli  in  Laurentia  is  30  m. 

6)  Rocky  shorelines  with  low  relief  are  better  suited 
as  markers  of  the  transition  between  local  regres- 
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sions  and  transgressions  than  as  checks  against 

the  depth  of  major  onlaps. 

Constraints  on  the  three-dimensional  exposure  of 
unconformities  make  it  difficult  to  determine  the  full 
paleorelief  from  local  field  observations.  More  sophisti¬ 
cated  use  of  subsurface  data  is  one  solution  to  this  prob¬ 
lem.  A  greater  awareness  of  the  interesting  applications 
to  which  a  comprehensive  physical  description  of  paleo- 
valleys  and  rocky  shorelines  may  be  applied  will  im¬ 
prove  the  quality  of  data  extracted  from  the  stratigraphic 
record.  Unusually  well-preserved  examples  of  these  fea¬ 
tures  remain  to  be  redescribed  based  on  hints  in  the  exist¬ 
ing  literature,  or  will  be  discovered  as  a  result  of  entirely 
new  initiatives.  Refinements  in  our  comprehension  of  the 
Silurian  eustatic  curve  will  continue  to  unfold  and  pro¬ 
vide  insight  on  the  interplay  of  lithospheric,  oceanic,  and 
atmospheric  cycles  chronicled  in  the  stratigraphic  record. 
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ABSTRACT — Filling  of  the  intracratonic  basins  of  South 
America  zuas  initiated  by  fluvial  deposition,  followed  by  Late 
Ordovician  shallow-marine  sedimentation.  Continental  sedi¬ 
mentation  succeeded  shalloiv-marine  deposits  with  sea-level 
falls  due  to  Hirnantian  glaciation  in  Africa.  Melt  water  from 
Hirnantian  ice  caps  carried  coarse-grained  siliciclastics  into 
the  Accra  (Africa)  and  Brazilian  Parnaiba  and  Parana  basins. 
Glacials  and  interglacials  alternated  until  the  early  Wenlock, 
when  the  ice  caps  migrated  to  central  South  America  and  de¬ 
posited  continental  and  marine  diamictites.  Silurian  glacial 
deposits  occur  in  the  Amazon,  Parnaiba,  and  Parana  Basins  in 
Brazil  and  the  Andean  basins  of  Argentina,  Bolivia,  and  Peru. 
In  the  Amazon  Basin,  three  Silurian  glaciations  deposited 
diamictites  and  fluvial  sandstones  above  littoral  and  shoreface 
sedimentary  rocks  (Nhamundd  Formation).  Subglacial  deposits 
in  this  area  are  quartzose  subgraywackes  with  ice-push  and 
-shear  features.  In  the  Parnaiba  Basin,  there  is  no  fossil  control 
on  Silurian  diamictites  (Ipu  Member),  although  an  early-late 
Llandovery  age  for  marine  shales  of  the  overlying  Tiangud  For¬ 
mation  is  known.  The  Iapo  Formation  in  the  Parana  Basin  is 
composed  of  glacial  diamictites,  and  is  likely  Hirnantian,  as  are 
those  in  the  Cape  Basin,  South  Africa  (Pakhuis  Tillite),  and 
Argentina  (Don  Braidio  Formation).  In  Bolivia  and  Peru,  the 
Cancahiri  Formation  has  glacial  sedimentary  rocks  and 
resedimented  siliciclastics.  The  Cancahiri  Formation  is  latest 
Llandovery-earliest  Wenlock.  Silurian  ice  movement  was  prob¬ 
ably  from  upland  shield  areas  to  basin  margins  in  southeast 
Andean  areas,  Brazil,  and  Africa,  and  from  the  Pampean  and 
Arequipa  massifs  into  the  Andean  basins. 


Introduction 


I  he  Silurian  geology  of  South  America  is  less  known 
than  that  of  other  continents,  but  the  most  interesting  fea¬ 
ture  is  the  presence  of  tillites  at  its  base  in  several  sedi¬ 
mentary  basins.  Ordovician-Silurian  glacial  deposits  are 


known  from  Argentina,  Bolivia,  Brazil,  and  Peru  (Figure 
1).  The  first  recognition  of  latest  Ordovician  glaciation  in 
South  America  was  based  on  study  of  the  Don  Braulio 
Formation  in  Argentina  (Biiggisch  and  Astini,  1993; 
Astini  and  Biiggisch,  1993)  and  the  Iapo  Formation  in  the 
Parana  Basin  in  Brazil  (Caputo  and  Lima,  1984;  Zalan  et 
al.,  1987;  Grahn  and  Caputo,  1992). 

Although  no  direct  evidence  of  glaciation  is  cur¬ 
rently  known  in  the  Silurian  of  Paraguay  on  the  western 
border  of  the  Parana  Basin,  conglomeratic  units  of  this 
age  may  be  related  to  glaciation  in  nearby  regions.  In 
northern  Andean  countries,  the  climate  was  warm 
enough  to  prevent  Silurian  glaciation. 

Three  short-lived,  Silurian  glacial  episodes  (early 
Aeronian,  latest  Aeronian-early  Telychian,  and  latest 
Telychian-earliest  Wenlock)  are  recorded  in  the 
Nhamunda  Formation  of  the  Trombetas  Group  in  Brazil 
(Caputo,  1984;  Grahn  and  Caputo,  1992;  Grahn,  1996).  In 
the  Amazon  Basin,  the  Trombetas  Group  comprises  four 
units:  the  Autas-Mirim,  Nhamunda,  Pitinga,  and  Mana- 
capuru  Formations.  This  group  was  deposited  after  rift¬ 
ing  of  the  Amazon  Basin.  It  is  considered  to  have  been  the 
earliest  Paleozoic  sequence  deposited  in  the  Amazon 
Basin.  Maximum  thickness  is  estimated  to  be  over  800  m 
in  the  central  parts  of  the  basin.  The  sea  encroached  upon 
the  basin  from  the  east  at  the  same  time  as  the  northwest 
African  transgressions.  Sediment  deposition  occurred  all 
the  way  to  the  eastern  flank  of  the  Purus  Arch,  which 
separates  the  Amazon  Basin  from  the  Solimoes  Basin  in 
the  westernmost  part  of  the  country. 

With  many  gaps  in  the  section,  a  Late  Ordovician- 
Early  Devonian  age  based  on  chitinozoans  is  assigned  to 
the  Trombetas  Group  (Grahn  and  Paris,  1992).  In  the 
Parana  Basin  of  south  Brazil,  a  shale  interval  in  the  Vila 
Maria  Formation  immediately  overlies  diamictites  of  the 
Iapo  Formation,  and  probably  records  a  transgressive 
peak  that  is  synchronous  with  the  latest  Aeronian-early 
Telychian  deglaciation.  Therefore,  this  interval  can  be 
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FIGURE  1 — Map  showing  Paleozoic  basins  (in  grey  shading),  after  Grahn  and  Caputo  (1992)  and  Crowell  et 
al.  (1980).  Arrows  show  ice  sheet  movements.  Diamictites  in  the  Parnaiba  Basin  lack  fossil  control. 


correlated  with  the  Vargas  Pena  Shale  in  Paraguay 
(Grahn,  1993).  On  the  other  hand,  the  underlying 
diamictites  are  probably  of  the  same  Hirnantian  Age  as 
those  in  the  Cape  Basin  (Pakhuis  tillite;  Rust,  1973,  1981) 
and  in  Argentina  (Dom  Braulio  Formation;  Astini  and 
Biiggisch,  1993). 

In  Bolivia,  the  Cancaniri  Formation  has  yielded  fos¬ 
sils  from  a  few  sites  in  the  Cochabamba  area  that  contain 
glacial  sedimentary  rocks.  The  age  of  the  Cancaniri  For¬ 
mation  in  Bolivia  and  Peru  has  been  regarded  as  latest 
Llandovery-earliest  Wenlock,  based  on  chitinozoans  and 


acritarchs  (Crowell  et  al.,  1980).  Therefore,  two  glacia¬ 
tions  may  be  recorded  in  the  Andean  area:  Ashgillian  (Ar¬ 
gentina)  and  latest  Llandovery-earliest  Wenlock  (Bolivia, 
Peru,  and  Argentina). 

Stratigraphy  of  the  Amazon  Basin 

AutAs-Mirim  FORMATION. — The  Amazon  Basin  covers  an 
area  of  approximately  400,000  km2.  It  is  bounded  on  the 
west  by  the  Purus  Arch  and  on  the  east  by  the  Gurupa 
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FIGURE  2 — Correlation  of  sea-level  changes  and  glaciations  in  the  Late  Ordovician-Early  Silurian.  Laurentian 
data  after  Johnson  and  McKerrow  (1991).  Black  horizontal  bars  are  diamictites. 


Arch.  The  Autas-Mirim  Formation  (oldest  unit  in  the  Trom- 
betas  Group)  is  present  only  in  the  subsurface  (Figure  2). 
This  formation  consists  of  micaceous,  feldspathic  sand¬ 
stone  beds  which  are  mainly  fine-grained,  commonly  well- 
rounded,  and  red,  light  green,  and  brown  at  the  base  of  the 
section  but  predominantly  white  in  the  middle  and  upper 
part.  The  beds  are  mainly  cross-bedded  at  the  base  and  top 
of  the  section,  and  chiefly  parallel-laminated  in  the  middle. 
A  kaolinitic  matrix  predominates,  and  the  beds  are  well- 
indurated.  Siltstones  and  shales  are  subordinate  in  the 
unit.  The  siltstones  are  light  green  to  greenish  gray,  highly 
micaceous  and  feldspathic,  well-indurated,  and  laminated. 
Minor  bioturbation  is  present.  The  shales  are  micaceous 
and  dark  gray,  have  few  biogenic  structures,  and  are  well- 
indurated.  The  maximum  thickness  of  the  formation  is 
about  350  m.  It  unconformably  overlies  Precambrian  for¬ 
mations  of  the  basement  complex.  The  Nhamunda  Forma¬ 
tion  probably  overlies  the  Autas-Mirim  Formation  con¬ 
formably.  In  some  sections,  the  Autas-Mirim  Formation 
contains  poorly  preserved  chitinozoans  and  Skolithos 
traces.  These  indicate  a  Late  Ordovician  age  and  a  very 
shallow  marine  environment  during  part  of  the  unit's  sedi¬ 
mentation.  The  Autas-Mirim  Formation  represents  a  conti¬ 
nental-marine-continental  cycle  that  slowly  onlapped  the 
basin  flanks.  The  continental  sandstone  suggests  deposi¬ 


tion  in  a  fluvial-braided  environment  with  some  aeolian 
reworking. 

Nhamunda  Formation.— Up  to  450  m-thick,  this  for¬ 
mation  crops  out  only  in  the  northwest  of  the  Amazon 
Basin,  but  is  also  present  in  the  subsurface  throughout 
the  basin  (Figure  3).  The  Nhamunda  Formation  consists 
of  quartzites  (dominant),  quartzitic  subgreywackes, 
quartzitic  wackes,  and  diamictites  (Carozzi  et  al.,  1973). 
The  outcrops  can  be  subdivided  into  three  units  (Swan, 
1957).  In  the  lower  part,  a  micaceous,  cream-colored,  silty 
sandstone  occurs,  and  is  overlain  by  pink,  fine-  and 
medium-grained,  kaolinitic,  and  highly  cross-bedded 
sandstone  beds  with  angular  grains.  The  middle  part  of 
the  formation  consists  of  light  gray,  hummocky  cross- 
stratified  and  ripple  cross-laminated  sandstone  with 
Skolithos,  scattered  medium-  and  coarse-grained  rounded 
quartz,  and  minor  gray  carbonaceous  shale  interbeds.  In 
the  upper  part,  the  beds  are  silty  and  increasingly  argilla¬ 
ceous  sandstones,  with  marked  development  of  thin, 
gray  silty  shale  interbeds,  stylolites,  and  trace  fossils.  This 
upper  section  contains  three  diamictite  horizons  (Carozzi 
et  al.,  1973).  The  upper  diamictite  beds  and  associated 
graywackes  (Figure  3)  were  mapped  in  the  Carabinani 
River  by  Caputo  and  Saad  (1974). 
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The  upper  part  of  the  Nhamunda  Formation  consists 
of  diamictites  and  associated  graywackes.  The  diamictites 
have  a  hard,  dark  grayish,  structureless  massive  clay  and 
silt  matrix  that  supports  coarse-grained  sand  grains  and 
granules  and  pebbles  of  quartz,  quartzite,  shale,  and  crys¬ 
talline  rocks.  The  clasts  vary  considerably  in  size  and 
roundness,  as  observed  in  core  and  outcrop.  The  dia¬ 
mictites  from  the  northern  margin  are  predominantly  com¬ 
posed  of  sedimentary  rock  clasts,  but  on  the  southern 
margin  are  made  of  igneous,  metamorphic,  and  sedimen¬ 
tary  rocks.  This  diversity  indicates  varied  source  areas.  In 
surface  exposures,  the  diamictites  weather  to  white,  yel¬ 
low,  and  red.  X-ray  diffraction  shows  that  the  matrix  of  the 
diamictites  is  mainly  chlorite  and  subordinate  illite 
(Carozzi,  1979).  The  clay  is  recrystallized  to  muscovite.  The 
uppermost  beds  of  the  Nhamunda  Formation  consist  of 
thin,  subrounded,  greenish  gray,  medium-  and  coarse¬ 
grained  sandstone  beds  that  contain  dispersed  pyrite, 
green  sandy  clay  partings,  and  siliceous  bands  or  beds. 
Sideritic,  hematitic,  and  chamositic  strata  are  common  in 
the  section.  The  transition  zone  at  the  top  of  the 
Nhamunda  sandstones  indicates  low  sediment  supply 
from  the  continent,  with  predominant  chemical  deposi¬ 
tion.  The  diamictite  levels  are  interpreted  to  be  a  result  of 
glacial  activity,  on  the  basis  a  heterogeneous  grain  size  and 
pebbles  of  great  petrographic  variety  that  float  in  a  silty  to 
argillaceous  matrix.  Paleogeographic  considerations  rein¬ 
force  the  glacial  interpretation,  because  basement  clasts 
rest  on  a  subhorizontal  shelf  substrate  (original  dip  less 
than  0.5°)  in  wells  150  km  away  from  outcrops  of  the  base¬ 
ment.  Because  of  their  occurrence  as  distinct  lobes  that  are 
intercalated  in  sandstones,  the  diamictites  appear  to  have 
formed  by  in  situ  wasting  of  debris-laden  ice,  rather  than 


by  subaqueous  mudflow  (Carozzi,  1979).  This  Silurian  gla¬ 
ciation  is  less  well  exposed  in  the  Amazon  Basin  than  its 
Devonian  counterpart  (Caputo  and  Crowell  1985),  which 
features  similar  rock  texture  but  provides  better  evidence 
of  a  glacial  origin  (Caputo,  1985). 

Subglacial  beds  often  display  deformational  features 
that  were  probably  induced  by  ice-push  and  -shear 
(Nogueira  et  al..  In  press).  The  Nhamunda  Formation  is 
composed  mainly  of  sandstones  that  grade  laterally  into 
and  are  overlain  by  shales  of  the  lowermost  Pitinga  Forma¬ 
tion  (Figures  2,  4).  The  latter  formation  is  dated  by  chitino- 
zoans  and  graptolites  as  middle  Llandovery  ( Comono - 
graptus  gregarins  graptolite  Zone)  to  earliest  Wenlock 
(Grahn  and  Paris,  1992).  Except  for  trace  fossils  (e.g., 
Skolithos )  from  the  middle  and  upper  parts,  no  macrofos¬ 
sils  are  recorded  in  the  Nhamunda  Formation.  The  shales 
of  the  Nhamunda  Formation  contain  the  same  chitinozoan 
assemblage  as  in  the  lower  Pitinga  Formation  ( Angochitina 
longicollis  [Eisenack,  1959],  Margachitma  margaritana 
[Eisenack,  1937],  Cyathochitina  sp.  B  Paris,  1981,  Pogono- 
chitina  djalmai  [Somme  and  van  Broekel,  1965]),  according 
to  Grahn  and  Paris  (1992).  The  unit  records  a  general  trans¬ 
gression,  during  which  basal  sediments,  characterized  by 
fine-  and  medium-grained,  cross-stratified  sandstones 
with  bioturbated  sandstone  interbeds,  may  have  been  laid 
down  on  the  upper  shoreface.  Storm  swells  and  fair- 
weather  waves  may  have  been  the  dominant  wind- 
induced  physical  processes  that  shaped  the  shoreline  de¬ 
posits,  and  caused  reworking  of  older  aeolian  dunes  and 
backshore  deposits  during  transgression. 

The  middle  part  of  this  unit  has  beds  with  hum¬ 
mocky  cross-stratification,  which  represent  lower  shore- 
face  sedimentation  and  frequent  storm  activity  (Harms  et 
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FIGURE  4 — Correlation  between  Late  Ordovician  and  Silurian  sea-level  changes  and  glaciation,  after 
Johnson  and  McKerrow  (1991)  and  Grahn  and  Caputo  (1992). 


al.,  1975).  It  is  supposed  that  anticyclonic  winds  in  cir¬ 
cumpolar  regions  acted  with  great  vigor  in  the  past,  as 
they  do  today  in  high-latitude  periglacial  areas.  The  up¬ 
per  part  of  this  unit  is  thought  to  represent  an  alternation 
between  lower  shoreface  and  subaereal  deposits,  with  a 
rapid  fall  in  sea-level  during  glacial  episodes  that  re¬ 
sulted  in  consequent  exposure  of  older  sediments. 

PlTINGA  FORMATION. — The  lower  Pitinga  Formation  con¬ 
sists  of  green-gray  to  dark  gray,  micaceous,  laminated, 
soft,  carbonaceous,  pyritic,  locally  sideritic  shale  with 
interbedded  shaley  siltstone  and  hematite  lenses.  Thin 
conglomerates  with  shale  pebbles  or  exotic  rocks  are  also 


present.  The  upper  Pitinga  Formation  comprises  very 
fine-to  fine-grained,  thin  sandstone  beds,  as  well  as  some 
chert  and  nodular  interbeds  that  occur  through  the  unit. 
Paleontological  studies  (Grahn  and  Paris,  1992)  show  a 
depositional  gap  between  the  lower  and  upper  parts  of 
the  formation  in  the  basin-shelf  area. 

The  formation  interfingers  with  the  Nhamunda  For¬ 
mation  and  overlies  it  (Figure  2).  The  Pitinga  Formation 
also  onlaps  underlying  units  and  rests  on  the  Precam- 
brian  Prosperanca  Formation  and  Uatuma  Group  on  the 
basin  flanks.  At  several  places  on  the  southern  margin, 
Pitinga  shales  directly  overlie  the  Uatuma  Group  with  no 
intervening  sandstone  or  basal  conglomerate. 
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This  suggests  a  rapid  transgression  under  low- 
energy  conditions.  The  Pitinga  Formation's  upper  contact 
is  unconformable  with  the  Manacapuru  Formation  (Figure 
4).  At  different  places  along  the  basin  edge,  the  Pitinga  is 
unconformably  overlain  by  younger  formations. 

The  Pitinga  Formation  has  yielded  graptolites, 
chitinozoans,  algae,  sponge  spicules,  brachiopods,  mol- 
lusks,  scolecodonts,  foraminiferans,  crustaceans,  and 
other  fossil  groups.  Graptolites  ( Climacograptus  innotatus 
brasiliensis  Ruedemann,  1929,  and  Monograptus  sp.  cf.  M. 
gregarius)  are  known  from  the  lower  unit  (Caputo  and  de 
Andrade,  1968).  Jaeger  (1976)  suggested  a  middle  Llan¬ 
dovery  age  ( Monograptus  gregarius  Zone)  for  the  lowest 
shales.  The  graptolites  occur  in  siltstone  beds  immedi¬ 
ately  above  a  diamictite  layer  exposed  on  the  Trombetas 
River.  The  biota  in  the  lower  unit  of  the  Pitinga  Forma¬ 
tion,  according  to  Grahn  and  Paris  (1992),  also  includes 
Cyathochitina  sp.  cf.  C.  canoabykaefirnus  (Eisenack,  1931) 
and  Conochitina  sp.  cf.  C.  iklaensis  Nestor,  1980,  and  indi¬ 
cates  a  late  Llandovery  age  for  most  of  the  lower  Pitinga 
shales.  The  upper  part  of  the  lower  unit  is  characterized 
by  Bursachitina  wilhelmi  Costa,  1970;  Pogonochitina  mon- 
terrosae  (Cramer,  1969);  P.  sp.  aff.  P.  inornata  Costa,  1971;  P. 
djalmai  (Sommer  and  van  Boekel,  1965);  Cyathochitina 
caputoi  Costa,  1971;  C.  sp.  cf.  C.  acuminata  Eisenack,  1959; 
C.  proboscifera  Eisenack,  1937;  Cyathochitina  sp.;  Den- 
sochitina  densa  (Eisenack,  1962);  Ancyrochitina  sp.;  A.  prim- 
itiva ?  Eisenack,  1964;  Conochitina  cruzi  Costa,  1970; 
Cingulochitina  sp.  aff.  C.  serrata  (Taugourdeau  and 
Jekhowsky,  1960);  Lagenochitina  n.  sp.  aff.  L.  navicula 
Taugourdeau  and  Jekhowsky,  1960;  Angochitina  sp.  A; 
and  Margachitina  margaritana  (Eisenack,  1937).  This 
chitinozoan  assemblage  indicates  a  middle  Llandovery- 
earliest  Wenlock  age  for  the  lower  Pitinga  Formation 
(Grahn  and  Paris,  1992). 

A  hiatus  corresponding  approximately  to  the  late 
early-early  middle  Wenlock  separates  the  lower  and  up¬ 
per  parts  of  the  unit.  The  most  common  chitinozoans  in 
the  upper  unit  are  Conochitina  tuba  Eisenack,  1932;  C. 
pachycephala  Eisenack,  1964;  Ancyrochitina  brevis  Tau¬ 
gourdeau  and  Jekhowsky,  1960;  A.  n.  sp.;  Tanuchitina  sp. 
aff.  T.  cylindrica  (Taugourdeau  and  Jekhowsky,  1960, 
sensu  Boumendjel,  1987);  T.  elenitae  (Cramer,  1964);  Ango¬ 
chitina  sp.  cf.  A.  echinata  Eisenack,  1931;  Rhabdochitina 
conocephala ?  Eisenack,  1934,  sensu  Boumendjel,  1987;  and 
Gotlandochitina  sp.  These  chitinozoan  assemblages  sug¬ 
gest  a  late  Wenlock  to  early  Ludlow  age  for  the  upper 
Pitinga  Formation. 

The  Pitinga  Formation  features  an  interval  of  pre¬ 
dominantly  muddy  shoreface  and  offshore  deposits 
formed  during  the  marine  onlap  that  resulted  from  melt¬ 
ing  of  widespread  ice  caps  in  Africa  and  South  America. 
The  well-developed  laminations  and  fine-scale  bedding 


are  suggestive  of  relatively  quiet-water  deposition.  Some 
thin  sandstones  in  the  lower  part  of  the  formation  contain 
Lingula  and  Arthrophycus,  and  suggest  shallow  nearshore 
to  paralic  deposition.  Shale  pebble  beds  up  to  5  cm  in 
thickness  are  present,  and  are  interpreted  as  conglomer¬ 
ates  that  resulted  either  from  exposures  of  the  basal  unit 
during  sea-level  falls  or  from  storm  activity.  Climatic 
warming  may  have  enhanced  chemical  weathering, 
which  produced  a  large  amount  of  clay  minerals.  Marine 
onlap  may  have  caused  the  deposition  of  coarse-grained 
clastic  sediments  in  estuaries  and  river  valleys.  In  turn, 
this  may  have  been  offset  by  significant  sedimentation  of 
silt  and  clay  in  the  sediment-starved  seas  during  Pitinqa 
Formation  deposition. 

In  the  lower  part  of  the  Pitinga  Formation,  illite  pre¬ 
dominates,  while  in  the  upper  part  kaolinite  dominates 
(Rodrigues  et  al.,  1971).  This  relationship  suggests  that  a 
change  in  weathering  in  the  transition  from  a  glacial  to  a 
post-glacial  climate  may  have  occurred  during  deposi¬ 
tion  of  the  Pitinqu  Formation.  These  clay  minerals  con¬ 
tain  low  boron  content  (Carozzi  et  al.,  1973),  and  indicate 
a  low  salinity  compatible  with  a  great  fresh  water  influx 
into  the  basin. 

Manacupuru  Formation.— This  unit  was  uplifted  and 
exposed  in  the  northwestern  outcrop  belt  during  the  Late 
Paleozoic.  In  the  southern  part  of  the  Paleozoic  outcrop 
belt,  the  Manacapuru  Formation  is  unexposed,  because  it 
is  overlapped  by  Devonian  sandstones.  The  Manacapuru 
Formation  is  now  subdivided  into  two  units,  based  on  the 
discovery  of  an  unconformity  within  the  succession 
(Grahn  and  Paris,  1992).  The  Manacapuru  Formation  con¬ 
sists  of  sandstones  with  shale,  siltstone,  and  ironstone 
interbeds.  In  exposure,  it  appears  as  white  and  buff,  fine- 
to  very  fine-grained,  well-sorted,  friable,  highly  cross-bed¬ 
ded  sandstones  with  brownish  gray,  very  soft  argillaceous 
shale  and  siltstone  interbeds.  In  the  subsurface,  the  sand¬ 
stones  are  mainly  parallel  laminated,  fine-grained,  mica¬ 
ceous,  and  bioturbated,  with  beds  5-20  cm  in  thickness 
that  are  interrupted  by  siltstone  interbeds.  Three  main 
sandstone  bodies  separated  by  shale-siltstone  bodies  are 
present  in  many  wells. 

Sandstone  beds  with  a  clay-ferruginous  matrix  and 
oolitic  ironstone  beds  (siderite,  chamosite,  hematite)  are 
well-developed  on  the  margin  and  in  the  western  part  of 
the  basin.  Small  white  peloids  of  collophane  and  kaolin- 
ite-chamosite  are  scattered  through  the  oolites  (Carozzi, 
1979).  The  upper  unit  of  the  Manacapuru  Formation  con¬ 
sists  of  bioturbated,  brown  sideritic  mudstone  with  a  few 
layers  of  ferruginous,  micaceous  siltstone  that  contain 
scattered,  white,  phosphatic,  kaolinite  peloids.  The 
Manacapuru  Formation  rests  unconformably  on  the 
Pitinga  Formation  (Figure  4),  and  is  overlain  at  a  low 
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angle  unconformity  by  Lower  Devonian  and  younger 
formations.  At  the  base  of  the  Manacapuru  Formation, 
the  presence  of  Arthrophycus  sp.  and  Lingula  sp.  (Lange, 
1967)  suggests  a  shallow,  sometimes  brackish  nearshore 
environment.  The  unit  was  dated  as  early  Llandovery  by 
Lange  (1967)  and  Daemon  and  Contreiras  (1971a,  1971b), 
based  on  palynological  studies.  Grahn  and  Paris  (1992), 
however,  recognized  the  presence  of  an  unconformity 
within  the  formation  and  assigned  a  younger  age  to  both 
intervals. 

Chitinozoan  of  the  lower  interval  include  Desmo- 
chitina  corinnae  Jaglin,  1986;  Eisenackitina  granulata 
(Cramer,  1964);  Gotlandochitina  sp.  A;  Ancyrochitina  floris 
Jaglin,  1986;  Pterochitina  perivelata  (Eisenack,  1937); 
Fungochitina  kosoviensis  Paris  and  Kriz,  1984;  Angochitinia 
n.  sp.  aff.  A.  cyrenaicensis  Paris,  1988;  and  Conochitina 
gordonensis  Cramer,  1964.  This  assemblage  indicates  a  late 
Ludlow  to  earliest  Pridoli  age.  Characteristic  chitinozoan 
species  in  the  upper  unit  are  Margachitina  catenaria 
catenaria  (Obut,  1973);  Ancyrochitina  fragilis  Eisenack, 
1955;  A.?  cantabrica  Cramer  and  Diez,  1978;  Angochitina 
filosa  Eisenack,  1955;  A.  strigosa  Boumendjel,  1987; 
Cingulochitina  ervensis  ervensis  (Paris,  1979);  and  Eisen¬ 
ackitina  sp.  cf.  E.  boherochitina  (Eisenack,  1934).  The 
chitinozoans  indicate  an  Early  Devonian,  Lochkov  age 
(Grahn  and  Paris,  1992). 

The  Manacapuru  Formation  records  a  general  re¬ 
gression  in  the  Amazon  Basin  with  some  transgressive 
oscillations.  In  the  westernmost  part  of  the  basin, 
fine-grained,  cross-  and  parallel-laminated,  micaceous, 
argillaceous,  bioturbated  ( Skolithos )  sandstones  are  inter¬ 
preted  as  deposited  in  a  littoral  environment.  Medium¬ 
grained,  cross-stratified  sandstone  beds  are  considered  to 
have  been  deposited  in  fluvial  and  deltaic  distributary 
channels.  Carbonaceous  shales  may  have  been  deposited 
in  interdistributary  lakes  and  bays.  On  the  north  and 
south  flanks  of  the  Amazon  Basin,  deltaic  and  fluvial  de¬ 
posits  are  locally  preserved.  The  fine-grained,  micaceous, 
cross-stratified  and  cross-laminated  sandstones  and  shale 
interbeds  were  deposited  in  a  low-energy  shoreface  envi¬ 
ronment.  In  the  central  parts  of  the  basin,  there  is  no 
subsurface  control,  but  an  offshore  environment  is  postu¬ 
lated.  The  presence  of  ironstones  suggests  deposition  in 
shallow  water  at  the  margins  of  the  basin.  Distributary 
delta  abandonment  or  the  onset  of  transgressive  cycles 
may  have  inhibited  clastic  influx,  and  resulted  in  the  con¬ 
centration  of  ironstones  in  sand-starved  environments. 
During  regressive  phases,  the  ironstones  may  have  been 
eroded  and  redeposited  with  sandstones  in  a  high-energy 
regressive  environment. 

It  is  interesting  to  note  that  shallowing  phases 
(Johnson,  1987)  in  North  America  correspond  to 
unconformities  and  glaciations  in  the  Amazon  Basin.  This 


may  mean  that  Early  Silurian  water  depth  was  consis¬ 
tently  shallower  in  the  intracratonic  Amazon  Basin  than 
in  North  American  epicontinental  seas. 

AGE  OF  THE  TILLITES. — Diamictite  horizons  are  dated  by 
graptolites  and  chitinozoans  in  the  Amazon  Basin.  The 
oldest  Silurian  diamictites  (2-10  m  thick)  in  the  Amazon 
Basin  record  the  advance  of  continental  ice  during  the 
early  middle  Llandovery  (early  Aeronian,  Monograptus 
gregarius  Zone).  Fossil  evidence  is  available  from  the 
northern  outcrop  belt  of  the  Amazon  Basin  from  strata 
immediately  above  the  lowest  diamictite  layer  on  the 
banks  of  the  Trombetas  River  (Grahn  and  Caputo,  1992). 
This  age  determination  is  further  strengthened  by  the 
presence  of  Cyathochitina  sp.  cf.  C.  campanulaeformis  and 
Conochitina  sp.  cf.  C.  iklaensis  (Grahn  and  Paris,  1992). 

The  next  ice  advance  occurred  during  latest 
Aeronian-early  Telychian  (late  Llandovery)  time.  Shale 
lateral  to  the  tillites  (locally  5-10  m-thick)  yields  an  early 
Telychian  chitinozoan  fauna.  Cyathochitina  sp.  B  Paris, 
1981,  and  Pogonochitina  djalmai  Sommer  and  van  Boeckel, 
1965,  are  common  and  reliable  indicators  of  the  early 
Telychian.  Cyathochitina  sp.  B  Paris,  1981,  does  not  occur 
in  beds  younger  than  the  Monograptus  turriculatus  Zone 
in  Gondwana  (Y.  Grahn,  personal  commun.,  1996). 

The  youngest  tillites  are  dated  as  latest  Telychian  to 
earliest  Wenlockian,  based  on  the  chitinozoans  Desmo- 
chitina  densa  Eisenack,  1962;  Margachitina  margaritana 
(Eisenack,  1937);  and  Salopochitina  ( =Pogonochitina ) 
monterrosae  (Cramer,  1969).  These  species  have  ranges 
that  begin  in  the  upper  Telychian.  Margachitina  mar¬ 
garitana  disappeared  in  the  early  Wenlock. 

From  the  Wenlock  onwards,  no  evidence  of  glacia¬ 
tion  is  known  until  the  Late  Devonian.  Only  a  small  area 
of  Silurian  outcrops  has  yet  been  investigated.  Perhaps 
more  research  may  reveal  additional  glacial  evidence, 
and  this  may  explain  other  gaps  through  the  Silurian. 

Stratigraphy  of  the  Parana  Basin 

The  Ordovician-Silurian  in  the  Parana  Basin  corre¬ 
sponds  to  the  Rio  Ivai  Group  and  includes  the  Alto 
Garqas,  Iapo,  and  Vila  Maria  Formations  (Assine  et  al., 
1994).  As  originally  proposed  by  Faria  (1982),  in  the 
northern  part  of  the  Parana  Basin  the  Vila  Maria  Forma¬ 
tion  is  based  on  a  section  that  consists  of  basal  diamictites 
and  overlying  shales  that  are  capped  by  sandstones.  The 
Vila  Maria  Formation  now  corresponds  only  to  the  shale 
and  sandstone  section,  while  the  underlying  diamictites 
are  referred  to  the  Iapo  Formation.  As  noted  by  Assine  et 
al.  (1994),  this  latter  name  was  first  proposed  by  Maack 
(1947).  The  basal  part  of  the  sequence  is  attributed  to  the 
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Alto  Garqas  Formation.  The  maximum  thickness  of  the 
Rio  Ivai  Group  is  about  400  m,  but  in  Paraguay  in  the 
western  outcrop  belt  of  the  Parana  Basin  the  maximum 
thickness  is  about  600  m  (Wiens,  1990). 

Alto  Garzas  Formation. — This  formation  consists  of  a 
basal  conglomerate  followed  by  feldspathic  and  quartz- 
itic  sandstones  in  its  upper  part.  At  the  base  of  the  lower 
sequence,  there  are  conglomerate  beds  up  to  30  m-thick 
with  a  feldspathic  matrix  and  clasts  composed  mainly  of 
quartz  pebbles.  The  conglomeratic  section  is  followed  by 
cross-bedded;  white,  yellowish  white,  and  red;  sub- 
angular  to  subrounded;  feldspathic;  conglomeratic  sand¬ 
stone  beds  with  the  proportion  of  pebbles  decreasing 
upwards.  The  upper  section  is  composed  of  tabular 
cross-stratified  white  and  pink,  subangular  to  rounded, 
friable,  fine-  to  coarse-grained  sandstone  beds.  Cores 
through  the  formation  only  yield  trace  fossils  that  are  not 
useful  for  dating.  These  trace  fossils  indicate  only  a  shal¬ 
low-marine  depositional  environment  for  the  upper  part 
of  the  unit.  The  lower  section  has  characteristics  of  fluvial 
deposition.  The  Alto  Garqas  Formation  rests  on  volcanic 
rocks  as  old  as  466  ±  7  Ma  (Moro,  1993).  It  is  overlain 
unconformably  by  the  Iapo  Formation  of  probable 
middle  Hirnantian  age. 

Iap6  FORMATION. — Along  its  outcrop  belt  in  the  south¬ 
eastern  part  of  the  Parana  Basin,  this  unit  is  15-20  m- 
thick,  but  it  is  more  than  150  m-thick  in  the  subsurface. 
This  tillite  has  abundant  angular  to  subrounded  clasts  up 
to  25  cm  in  diameter  that  are  supported  by  a  structureless 
sandy  to  clayey  matrix.  Pebbles  in  the  tillite  commonly 
consist  of  granite,  gneiss,  rhyolite,  and  quartzite,  all  ap¬ 
parently  derived  from  older  igneous  and  metamorphic 
basement  rocks.  Other  sedimentary  and  metamorphic 
clasts,  including  quartz,  chert  and  phyllite,  appear  in 
smaller  percentages.  The  tillite  shows  a  vague  stratifica¬ 
tion  in  some  places,  but  generally  it  is  unstratified.  The 
matrix  is  red  and  yellow-brown  in  color,  and  turns  grey 
in  its  basal  part  in  cores. 

Some  clasts  are  faceted  and  striated  (Maack,  1947; 
Assine  et  al.,  1994).  The  rock  texture  and  the  occurrence 
of  striated  and  faceted  pebbles  suggest  that  the  Iapo  For¬ 
mation  is  a  tillite  deposited  directly  from  ice  sheets.  In  the 
northern  part  of  the  Parana  Basin,  the  diamictites  are 
greenish-grey,  unsorted  and  have  polymictic  coarse  clasts 
that  range  from  granule  to  boulder  size  (1  m  across).  The 
smaller  clasts  are  mainly  angular,  and  the  larger  ones  are 
chiefly  subrounded.  These  clasts  consist  of  granite, 
gneiss,  quartz,  quartzite,  rhyodacite,  phyllite,  metamor¬ 
phosed  tuff,  and  basic  rocks  that  are  supported  by  a 
sandy  or  silty  and  clayey  matrix.  Interbeds  of  laminated, 
micaceous,  and  gray-greenish  shales  also  occur  (Faria, 


1982).  The  glacial  nature  of  the  diamictites  in  the  northern 
belt  of  the  Parana  Basin  was  recognized  by  Caputo  and 
Lima  (1984). 

AGE  OF  THE  TILLITES. — No  fossils  are  present  in  the  Iapo 
diamictites,  and  their  age  is  inferred  by  the  fossiliferous 
early  to  middle  Llandovery  shales  of  the  overlying  Vila 
Maria  Formation.  Interpretation  of  a  middle  Hirnantian 
age  for  these  tillites  is  reinforced  by  their  stratigraphic 
position  and  a  glacial  character  that  closely  matches 
South  African  glacial  deposits  in  the  Cape  Ranges  and 
Argentina. 

Vila  Maria  Formation. — This  formation  consists  of 
lower  shales  and  upper  sandstones.  The  lower  unit  in¬ 
cludes  black,  greenish-gray  to  brown  and  red,  calcareous, 
fossiliferous  shale  and  siltstone  interbeds  with  bivalves, 
gastropods,  ostracodes,  and  inarticulate  brachiopods 
(Faria,  1982).  The  upper  unit  is  composed  of  yellow- 
white  and  pink,  fine-grained,  well-sorted,  cross-bedded, 
and  cross-laminated  sandstones  with  pink  siltstone 
interbeds  with  shell  molds.  Mud  cracks  and  bioturbation 
are  common.  The  unit  is  thin  but  widespread  in  the 
Parana  Basin.  Burjack  and  Popp  (1981)  described  Arthro- 
phycus  harlani,  an  indicator  of  an  Early  Silurian  age,  from 
the  Vila  Maria  Formation,  and  Gray  et  al.  (1985)  observed 
such  early  Llandovery  microfossils  as  tetrahedral  tetrads, 
acritarchs,  and  prasinophytes.  According  to  Grahn 
(1993),  the  age  of  the  Vila  Maria  Formation  is  late 
Aeronian-early  Telychian  based  on  chitinozoans  (e.g., 
Cyathochitma  sp.  B  of  Paris,  1981).  The  environment  of 
deposition  was  shallow  marine  and  tidal  flats. 

Argentine  Precordillera 


Don  BrauLIO  Formation.— New  evidence  from  the 
lower  Don  Braulio  Formation  of  the  Argentine 
Precordillera  supports  the  presence  of  a  Late  Ordovician 
glacial  event  in  southern  South  America  (Astini  and 
Biiggisch,  1993).  The  lower  Don  Braulio  Formation  con¬ 
sists  of  diamictite,  conglomerate,  sandstone,  and  shale. 
The  thickness  in  outcrops  is  about  20  m.  The  diamictite 
includes  a  micaceous,  light  to  dark  gray,  massive,  clayey 
and  silty  matrix  with  scattered  sand-sized  grains,  gran¬ 
ules,  cobbles,  and  pebbles,  some  of  them  faceted,  pol¬ 
ished,  and  striated.  In  the  middle  part,  the  section  is  com¬ 
posed  of  coarse-grained  sandstone  and  conglomerate 
beds.  The  composition  of  clasts  is  about  50%  meta-sand- 
stone,  20%  sandstone,  20%  igneous  rock,  and  10%  clasts 
of  a  wide  variety  of  rock  types.  Sandstone  and  shale 
interbeds  with  dropstones  show  varve-like  features.  The 
main  facies  association  in  the  lower  and  upper  portion  of 
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the  section  corresponds  to  melt-out  tills.  In  the  middle 
Don  Braulio  Formation,  proglacial  channels  and  lacus¬ 
trine  facies  suggest  an  interglacial  stage.  The  lower  mem¬ 
ber  is  succeeded  by  a  fossiliferous  basal  conglomerate 
and  overlying  shale  beds  of  the  upper  Don  Braulio  For¬ 
mation.  These  transgressive  strata  and  overlying  shale 
beds  contain  a  rich  Hirnantian  fauna  (Astini  and 
Biiggish,  1993)  that  suggest  an  early  to  middle  Hirnantian 
age  for  the  glacial  event  in  the  Argentine  Precordillera. 

High  Eastern  Andes  of  Bolivia 
and  Peru 


CANCANIRI  Formation.— In  the  eastern  Andes  and 
Andean  foothills,  glaciogenic  units  of  Early  Silurian  age 
crop  out  along  a  belt  that  extends  about  1,500  km  from 
northern  Argentina  across  Bolivia  and  into  Peru 
(Crowell  et  al.,  1980,  1981;  Suarez-Soruco,  1995).  Names 
applied  to  this  interval  include  the  Zapla  (Schlangtweit, 
1943),  Cancaniri,  and  Sacta  Formations  in  Bolivia;  San 
Gaban  Formation  in  Peru;  and  Mecoyita  Formation  in 
Argentina.  This  glaciogenic  interval  unconformably 
overlies  several  Ordovician  formations  that  include 
Caradoc  strata  in  Bolivia  to  Tremadoc  beds  in  northern 
Argentina.  The  Cancaniri  Formation  is  conformably 
overlain  by  the  Kirusilhas  Formation,  which  is  largely 
dark  gray  shale  with  interbedded  sandstone  layers 
(Crowell  et  al.,  1980,  1981).  The  Cancaniri  includes 
structureless,  micaceous  diamictite  that  is  intercalated 
with  sandstone,  conglomerate,  and  marine  black  shale. 
The  diamictite  is  dark  brown  and  is  locally  unstratified 
with  an  argillaceous  to  sandy  matrix  and  scattered  clasts 
of  great  petrographic  variety.  A  few  of  these  clasts  are 
striated,  faceted,  and  polished.  Small  sand  lenses,  which 
average  2  m  thick  and  about  10  m  in  length,  are 
cigar-shaped  and  deformed.  Oversized  clasts  are  abun¬ 
dant  in  some  portions  and  rare  in  other  sections  of  the 
Cancaniri  Formation,  and  include  quartz,  quartzite, 
granite,  gneiss,  slate,  conglomerate,  sandstone,  and 
shale  fragments.  The  sedimentary  clasts  came  from  the 
Cancaniri  and  older  formations.  Black  micaceous  shale 
interbeds  are  also  present.  Slump  and  convolute  struc¬ 
tures  are  common.  The  thickness  of  the  formation 
ranges  from  about  20  to  700  m,  and  reaches  over  1,000  m 
in  the  Lake  Titicaca  area. 

Because  of  the  syntectonic  character  of  the 
Cancaniri  Formation,  most  fossils  were  reworked  by  ero¬ 
sion  and  resedimentation  of  older  Ordovician  units 
(Suarez-Soruco,  1995).  The  reworked  taxa  found  in  this 
section  range  from  Early  Ordovician  in  southern  Bolivia 
to  Late  Ordovician  in  central  Bolivia. 


Palynological  investigations  indicate  a  Wenlock  age 
(. Duvemaysphaera  jelint  Zone)  based  on  acritarchs  and 
chitinozoans  (Crowell  et  al.,  1980,  1981).  There  are  well- 
preserved  trilobites,  corals,  mollusks,  and  brachiopods  in 
shale  beds  that  are  intercalated  between  diamictite  hori¬ 
zons.  The  trilobite  Paraencrinus  boliviensis  suggests  a 
Llandovery  age.  According  to  Suarez-Soruco  (1995), 
acritarchs  and  chitinozoans  found  in  these  outcrops  indi¬ 
cate  an  age  close  to  the  Llandovery-Wenlock  boundary. 
Considering  the  reworked  character  of  the  unit  and  the 
age  indicated  by  the  youngest  taxa,  an  early-late  Early 
Silurian  age  is  suggested  for  the  Cancaniri  Formation.  It 
is  thought  that  ice  locally  rimmed  a  marine  basin,  and 
that  glaciers  on  the  Brazilian  Shield  to  the  east  and  on 
highlands  to  the  south  and  west  contributed  glacial  de¬ 
bris.  The  Cordilleran  orogenic  cycle  of  Bolivia  (Silurian- 
Early  Carboniferous)  featured  the  infill  of  a  foreland  ba¬ 
sin  with  erosion  of  a  fold-thrust  belt  located  to  the  west 
and  south  related  to  east-dipping  oblique  subduction. 
Overthrusting  of  an  accretionary  prism  was  the  probable 
cause  for  increased  subsidence,  sediment  supply,  and  tec¬ 
tonic  instability  that  led  to  sediment  gravity  flows  and 
featured  a  development  of  topographic  relief  that  al¬ 
lowed  the  glaciation  reflected  in  the  Cancaniri  Formation 
(Diaz  et  al.,  1996). 


Ordovician-Silurian  Sea-Level 
Changes 

The  net  growth  of  continental  ice  sheets  and  their  ad¬ 
vance  towards  the  sea  during  cooling  events  are  accom¬ 
panied  by  sea-level  falls,  and  the  melting  of  continental 
ice  promotes  sea-level  rises.  In  glaciated  areas  this  rela¬ 
tionship  is  very  complex,  because  isostatic  adjustments, 
which  take  place  in  response  to  variations  in  the  ice  load, 
are  not  synchronous  with  sea-level  changes.  In  non-glaci- 
ated  areas,  the  relationship  between  sea-level  changes 
and  glacial  and  interglacial  phases  is  clearer. 

The  identification  of  latest  Ordovician-Early  Sil¬ 
urian  glaciations  in  Western  Gondwana  may  help  to  ex¬ 
plain  coeval  sea-level  falls  that  are  documented  in  such 
continents  as  Laurentia,  South  China,  and  Baltica 
(Johnson  et  al.,  1984,  1991;  Johnson  and  McKerrow,  1991; 
Johnson  1996).  A  possible  correlation  of  eustasy  with  gla¬ 
cial  and  interglacial  episodes  is  offered  in  Figure  4.  The 
sea-level  curve  of  Figure  4  is  for  eastern  Iowa  on  the 
Laurentian  platform  (from  Johnson  and  McKerrow,  1991, 
fig.  3).  This  curve  features  four  distinct  highstands  in  sea- 
level  recorded  in  the  Llandovery  Series.  The  eustatic  na¬ 
ture  of  the  Iowa  sea-level  curve  is  corroborated  by  corre¬ 
lation  with  several  other  areas  in  North  America 
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(Johnson,  1987),  China  (Johnson  et  al.,  1985),  Scandinavia 
and  the  Baltic  region  (Johnson  et  al.,  1991),  and  central 
Europe  and  Australia  (Johnson,  1996). 

Conclusions 


Cjlobal  sea-level  fluctuations  on  the  order  of  few  meters 
up  to  50  m  occurred  during  the  Silurian,  according  to 
many  researchers.  Indirect  evidence  of  glaciation  and 
cold  temperatures  includes  rapid  sea-level  changes  due 
to  the  transfer  of  water  between  ice  sheets  and  oceans. 
Sea-level  changes  during  glacial  episodes  are  difficult  to 
recognize  in  the  Phanerozoic.  However,  during  the  Late 
Ordovician-Early  Silurian,  regressions  and  increased 
clastic  supply  correlate  with  glacial  events  (Figure  3). 
Eustatic  falls  may  be  caused  by  many  different  phenom¬ 
ena.  When  they  are  synchronous  with  proven  glaciations, 
however,  it  is  reasonable  to  interpret  them  as  a  result  of 
water  withdrawal  with  formation  of  continental  ice  caps. 
Sea-level  drops  during  the  Silurian  after  the  early 
Wenlock  seem  to  be  related  to  other  causes,  because  there 
are  no  presently  known  glacial  events  with  which  they 
could  correlate. 

Four  short-lived  glacial  events  in  South  America 
(Figure  2)  correlate  with  shallowing  events  recorded  on 
the  North  American  craton  and  elsewhere.  The  study 
area  in  Brazil  (Figure  1)  is  small,  and  more  research  is 
needed  to  interpret  younger  Silurian  and  Devonian 
stratigraphic  gaps.  Massive  biotic  extinctions  and  faunal 
changes  have  been  attributed  to  a  number  of  different 
causes,  and  different  extinction  events  may  have  different 
causes,  but  the  Late  Ordovician-Early  Silurian,  latest  De¬ 
vonian,  and  Eocene-early  Oligocene  extinctions  may 
have  been  due  to  coeval  glacial  episodes  (Caputo,  1985) 
and  resultant  changes  in  sea-level  during  a  glacial  cycle. 
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ABSTRACT — The  Arisaig  Group,  a  siliciclastic  sequence 
that  extends  from  the  base  of  the  Silurian  mto  the  Loiver  Devo¬ 
nian,  was  deposited  predominantly  in  marine-shelf  environ¬ 
ments.  Fluctuation  in  the  abundance  and  thickness  of 
tempestites  and  changes  in  the  relative  abundance  of  deposit¬ 
feeding  and  byssate  suspension-feeding  bivalves  indicate  inter¬ 
vals  of  shallower  and  deeper  water.  Other  diagnostic  features 
record  occasional  shifts  to  very  shallozv,  to  non-marine,  or  to 
deep-shelf  and  basinal  depths.  The  Arisaig  Group  records  six  or 
seven  highstands  and  seven  lowstands  of  sea-level.  These 
appear  to  correspond  to  seven  of  the  eight  highstands  and  seven 
of  the  nine  lowstands  of  sea-level  identified  by  Markes  Johnson 
in  his  proposed  Silurian  standard  eustatic  sea-level  curve. 


Introduction 


lhe  Arisaig  Group  is  the  most  complete  section  of  Sil¬ 
urian  rocks  in  the  Appalachian-Caledonian  mountain 
system  and  one  of  the  most  complete  in  the  world 
(Boucot  et  al.,  1974).  Almost  every  stage  and  substage  of 
the  Silurian  is  probably  represented.  The  Arisaig  Group 
was  deposited  in  the  Avalonian  suspect  terrane  and  is 
now  preserved  in  fault  blocks  in  the  Antigonish  High¬ 
lands  of  northern  mainland  Nova  Scotia.  The  best  known 
outcrops  occur  between  the  Hollow  Fault  Zone  on  the 
south  and  Northumberland  Strait  on  the  north,  with  the 
most  completely  exposed  section  in  low  shoreline  cliffs 
along  the  coast  near  the  town  of  Arisaig,  approximately 
30  kilometers  southwest  of  Cape  George  (Figure  1).  Tec- 
tonism  in  the  Middle  and  Late  Paleozoic  deformed  the 
Antigonish  Highlands  area,  and  the  outcrop  belt  is  cut  by 
numerous  faults.  Despite  the  probable  representation  of 
most  stratigraphic  subdivisions  of  the  Silurian,  no  forma¬ 
tion  is  preserved  in  a  continuous,  unbroken  section.  Lat¬ 
eral  compression  and  folding  have  also  caused  internal 


FIGURE  1 — Index  map  of  Nova  Scotia  with  location  of  coastal  outcrop 
of  the  Arisaig  Group  and  enlarged  map  showing  outcrop  of  each 
formation  along  the  shore  of  Northumberland  Strait.  Section  access  is 
from  a  road  to  the  pier  at  Arisaig  Point  that  branches  from  Route  245  at 
the  village  of  Arisaig,  or  by  walking  from  Route  245  to  the  coastal 
outcrop  of  the  Stonehouse  Formation. 

shearing  and  incipient  reticulate  cleavage  (Bambach, 
1973).  This  body  deformation  has  also  affected  the  thick¬ 
ness  of  the  section  (Waldron  et  al.,  1996).  Nonetheless, 
despite  the  significant  deformation  in  the  section,  the 
general  stratigraphic  sequence  is  unambiguous,  and  the 
rocks  are  reasonably  well-placed  in  age  by  the  combina¬ 
tion  of  fossils,  stratigraphic  position,  and  apparently  con¬ 
tinuous  sedimentation,  with  no  detected  unconformities. 
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The  preserved  sedimentological  and  faunal  characteris¬ 
tics  are  quite  distinctive  for  the  range  of  sedimentary  en¬ 
vironments  represented  in  the  sequence. 

The  Arisaig  Group  is  predominantly  fine-grained 
siliciclastic  sediments  (siltstones  and  mudstones).  Only  a 
few  strata  contain  sand-size  material;  no  conglomerate 
occurs  above  the  basal  beds  of  the  section,  and  no  pure 
limestones  are  present.  Over  90%  of  the  section  are 
mudstones  and  interbedded  tempestites.  The  section  is 
fossiliferous  throughout.  With  one  exception,  the  only 
carbonate  sediment  in  the  section  is  derived  from  fossil 
debris.  On  the  basis  of  sedimentological  characteristics 
and  faunal  interpretation,  the  bulk  of  the  section  was  de¬ 
posited  in  mid-  to  shallow-shelf  environments,  with  only 
one  interval  of  deeper  basinal  deposition  (including  fis¬ 
sile,  graptolitic  shales)  and  one  subaerial  interval  (a  red 
bed  with  carbonate  nodules  interpreted  as  a  warm- 
climate  soil).  The  predominantly  marine  Arisaig  Group  is 
bracketed  between  non-marine  sediments  and  volcanics 
of  Late  Ordovician  age  at  the  base  and  non-marine 
redbeds  of  Early  Devonian  age  at  the  top. 

The  section  was  measured  in  detail  in  1964  and 
1965,  with  corrections  for  fault  displacement  made  by 
matching  key  beds  across  faults  where  possible.  Collec¬ 
tions  of  bivalves  were  taken  at  368  stratigraphic  levels  in 
the  1,200  meter-thick  section  (Bambach,  1969).  Boucot  et 
al.  (1974),  Watkins  and  Boucot  (1975),  Lane  and  Jensen 
(1975),  Cant  (1980),  Pickerill  and  Hurst  (1983),  and  Hurst 
and  Pickerill  (1986)  provide  supplementary  data  on  all  or 
parts  of  the  section.  Since  all  these  data  were  obtained 
before  the  study  of  sea-level  became  the  focus  of  modern 
stratigraphy,  they  provide  an  unusual  opportunity  to  see 
if  change  in  sea-level  is  apparent  in  a  data  set  collected 
when  detection  of  sea-level  change  was  not  a  goal.  In  ad¬ 
dition,  the  data  allow  an  evaluation  of  whether  or  not  this 
remarkable  section  of  siliciclastic  rocks  records  any 
readily  detectable  signals  of  the  eustatic  changes  during 
the  Silurian  Period  documented  by  Markes  Johnson  and 
colleagues  from  carbonate  sections  (Johnson,  1996,  and 
references  therein).  Variation  in  bathymetry  is  easily  de¬ 
tected  in  tempestite-rich  sections  (Kreisa,  1981;  Aigner, 
1985),  and  bivalve  mollusks  are  particularly  good  envi¬ 
ronmental  indicators  that  provide  a  further  monitor  of 
variation  in  depositional  conditions  because  of  their 
range  of  distinctive  interactions  with  both  sediment  type 
and  food  supply  in  different  benthic  environments 
(Stanley,  1970,  1972;  Levinton  and  Bambach,  1975; 
Bennington,  1995). 

The  criteria  for  identifying  different  bathymetric 
conditions  will  be  discussed  in  the  next  section  of  the  pa¬ 
per.  No  effort  has  been  made  to  quantify  depths;  only 
relative  terms  are  used.  This  is  because  the  data  are  from 
a  single  section,  and  were  obtained  with  no  intention  of 


defining  or  calculating  absolute  depths.  It  would  be  pure 
speculation  to  attempt  absolute  depth  estimates  with  the 
data  available,  but  relative  comparisons  within  the  sec¬ 
tion  are  warranted.  After  the  criteria  for  different  bathy¬ 
metric  interpretations  have  been  noted,  the  stratigraphic 
section  at  Arisaig  will  be  described  from  bottom  to  top, 
with  notes  on  the  most  probable  age  correlations  and 
apparent  changes  in  sea-level.  Finally,  the  bathymetric 
changes  observed  at  Arisaig  will  be  compared  to  the  stan¬ 
dard  for  eustasy  through  the  Silurian. 

Indicators  of  General 
Bathymetric  Conditions 

The  Arisaig  section  was  deposited  predominantly  in 
shallow-shelf  environments  (Bambach,  1969;  Boucot  et 
al.,  1974;  Watkins  and  Boucot,  1975).  Variation  does  exist, 
however,  and  a  number  of  environments  are  present  in 
the  Arisaig  section.  These  environments  are  all  described 
with  reference  to  the  predominant  shallow-shelf  marine 
setting,  and  the  diagnostic  criteria  used  to  differentiate 
the  different  environments  from  the  "norm"  in  the  sec¬ 
tion  are  noted. 

Marine  environments  occur  throughout  the  Arisaig 
section.  They  are  identified  by  the  presence  of  a  variety  of 
marine  fossils  (articulate  brachiopods;  palaeotaxodont, 
pteriomorph,  palaeoheterodont,  and  heterodont  bivalves; 
gastropods;  cephalopods;  trilobites;  crinoids;  bryozoans; 
and  graptolites).  Tempestites  are  typical  of  shelf-depth, 
marine  environments  (Kreisa,  1981;  Einsele  and  Seilacher, 
1982;  Aigner,  1985).  Tempestite-related  bedding  charac¬ 
terizes  the  entire  section,  with  the  exception  of  the  basal 
beds  of  the  Beechhill  Cove  Formation,  the  30  meter-thick 
lower  member  of  the  Ross  Brook  Formation,  and  the  up¬ 
per  (red)  member  of  the  Moydart  Formation  (Figure  2). 
None  of  the  graded  beds  in  the  Arisaig  Group  have  the 
characteristics  of  turbidites.  All  seem  to  be  tempestites 
(Bambach,  1969;  Cant,  1980).  Studies  by  Kreisa  (1981), 
Kreisa  and  Bambach  (1982),  and  Aigner  (1985)  update  the 
conclusions  about  storm  processes  in  Cant  (1980).  The 
coarse  fraction  of  most  Arisaig  tempestites  is  reworked  in 
situ,  not  transported,  material  introduced  into  the  shelf 
environment  during  the  storms  that  formed  the  beds. 
Similarly,  the  fossils  in  coquinites  at  the  bases  of  the 
tempestites  are  alsoreworked,  but  are  derived  from  the 
local  environment  (Kreisa  and  Bambach,  1982). 

SHALLOW  SHELF. — Abundant  bivalves  characterize  shelf 
faunas  during  much  of  the  Paleozoic  (Ziegler,  1965; 
Ziegler  et  al.,  1968;  Bretsky,  1969;  Calef  and  Hancock, 
1974;  Boucot,  1975).  Mixed  bivalve  faunas,  containing  a 
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FIGURE  2 — Stratigraphy  of  Arisaig  sequence  (on  the  right  with 
thickness  in  m)  and  notes  on  the  evidence  that  indicates  lowstand  and 
highstand  conditions.  Diagram  of  bathymetric  changes  through  the 
Arisaig  Group  in  the  left-hand  column  with  interpretations  of 
environmental  setting  for  highest  and  lowest  sea-level  stands  and  lines 
that  indicate  sea-level  trends  (shallower  on  left,  deeper  on  right). 
Numerals  1-8  mark  highstands  that  may  correlate  to  the  Silurian 
standard  eustatic  curve  (Johnson,  1996). 


mixture  of  deposit-  and  suspension-feeders,  are  abun¬ 
dant  in  parts  of  the  middle  and  upper  members  of  the 
Ross  Brook  Formation,  the  middle  and  upper  parts  of  the 
lower  member  of  the  McAdam  Brook  Formation,  and  the 
upper  member  of  the  Stonehouse  Formation  (Table  1). 
These  parts  of  the  Arisaig  Group  are  regarded  as  repre¬ 
senting  relatively  shallow,  marine-shelf  environments. 
Thin  tempestites  (2-10  cm-thick)  characterize  these  same 
parts  of  the  Arisaig  Group,  and  also  indicate  shelf  envi¬ 
ronmental  conditions  below  "fair-weather"  wave  base, 
but  were  shallow  enough  that  major  storms  frequently 


reworked  the  sediments  to  a  depth  of  several  centimeters 
(as  described  in  Kreisa,  1981,  and  Aigner,  1985).  Compari¬ 
sons  of  other  bedding  and  faunal  characteristics  with  the 
features  of  the  shallow-shelf  setting  are  used  to  identify 
parts  of  the  Arisaig  Group  that  represent  shallower-  or 
deeper-water  environments  and,  therefore,  fluctuation  in 
relative  (and  possibly  global)  sea-level. 

VERY  SHALLOW  SHELF. — In  the  Arisaig  section,  very- 
shallow-shelf  conditions  are  represented  by  intervals 
characterized  by  thicker  tempestites  (up  to  30-50  cm)  that 
include  some  amalgamated  beds  and  thinner  mudstone 
interbeds  between  tempestites.  In  very-shallow-shelf  de¬ 
posits,  the  bivalve  fauna  often  has  a  lower  proportion  of 
deposit-feeders  because  the  higher-energy  ambient  con¬ 
ditions  associated  with  shallower  water  kept  organic 
matter  in  suspension,  and  it  did  not  accumulate  in  the 
sediment  to  provide  an  abundant  food  supply  for  deposit 
feeders  (Bambach,  1969;  Bennington,  1995).  Byssate, 
suspension-feeding  bivalves,  such  as  species  of  the  Paleo¬ 
zoic  mussel  genus  Modiolopsis,  are  the  common  forms  in 
these  more  energetic  habitats.  Two  less  common  sedi¬ 
mentary  features  also  characterize  these  very  shallow  set¬ 
tings:  1)  massive  siltstones  with  load  casts  (produced  by 
rapid  influx  of  large  amounts  of  coarser-grained  sedi¬ 
ment  onto  uncompacted  muds)  in  the  upper  members  of 
the  Ross  Brook  and  McAdam  Brook  Formations;  and  2) 
abundant  interference  ripples  on  siltstones  in  the  thick- 
bedded  lower  members  of  the  Moydart  and  Stonehouse 
Formations. 

DEEPER  OPEN  SHELF. — Somewhat  deeper  but  still  normal 
shelf  environments  are  represented  in  the  Arisaig  section 
by  moderately  thick  (up  to  1  m),  extensively  bioturbated 
beds,  and  less  common,  relatively  thin,  distinct  tem¬ 
pestites.  The  stratification  suggests  that  the  somewhat 
lower  sediment  accumulation  rates  characteristic  of  dis¬ 
tal-shelf  environments  permitted  more  complete  homog¬ 
enization  by  bioturbation.  The  presence  of  allogenic  sedi¬ 
ments  (an  oolitic  hematite  bed  up  to  1.0  m- thick  in  the 
French  River  Formation,  and  phosphatic  nodules  in  the 
Doctors  Brook  Formation)  also  suggest  lower  rates  of 
clastic  influx.  Bivalves  are  still  fairly  abundant  in  the  in¬ 
tervals  transitional  from  shallow-shelf  to  deeper,  open- 
shelf  settings,  with  pterioids  commoner  than  modio- 
lopsids  among  suspension-feeders,  and  deposit-feeders 
usually  predominating  in  abundance  (Table  1).  Faunas  in 
the  deeper,  open-shelf  deposits  have  far  fewer  bivalves 
than  the  shallow-shelf  faunas,  but  include  articulate  bra- 
chiopods  that  Watkins  and  Boucot  (1975)  placed  in 
"benthic  assemblage  3  or  4".  Crinoids,  indicative  of  clear 
water  and  invariant  normal  marine  salinities,  also  be¬ 
come  a  noticeable  part  of  the  fauna  in  the  Doctors  Brook 
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Table  1 — Composition  of  bivalve  assemblages  through  the  Arisaig  Group  at  Arisaig,  Nova  Scotia.  Intervals  without  data  are  parts 
of  sequence  that  are  nearly  devoid  of  bivalve  fossils.  The  depositional  environment  of  the  lower  Ross  Brook  Formation  was  too  deep 
for  bivalves;  other  intervals  in  the  Arisaig  Group  were  so  shallow  that  bottom  conditions  were  too  unstable  for  most  bivalves.  No 
collections  have  been  processed  from  the  Beechhill  Cove  Formation.  Abbreviations:  An's.,  Arisaigia;  Mod.,  Modiolopsis;  Nuc., 
Nuculites ;  Pal.,  Palaeoneilo;  Pter.,  Pterinea. 
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Bambach 


Formation  and  in  the  middle  of  the  lower  (green)  mem¬ 
ber  of  the  Moydart  Formation. 

DEEP  WATER. — Sediments  lacking  tempestites  must  have 
been  deposited  in  water  deep  enough  that  the  bottom 
was  little  disturbed  by  major  storms.  Two  relatively 
deep-water  intervals  occur  at  Arisaig.  Deep  outer-shelf 
conditions  are  recorded  in  the  lower  part  of  the  lower 
member  of  the  McAdam  Brook  Formation.  The  sedi¬ 
ments  are  dark  gray,  massive  mudstones  with  only  a  few, 
thin  traces  of  storm-winnowed  silts.  The  environment  of 
deposition  was  sufficiently  calm  that  abundant  organic 
matter  accumulated  in  the  sediment,  and  the  fauna  con¬ 
tains  common  deposit-feeding  bivalves  even  though  it 
was  not  a  typical  setting  for  common  bivalves  in  the  Pa¬ 
leozoic.  Basinal  conditions  are  recorded  by  the  fissile, 
dark-colored,  graptolitic  shales  of  the  lower  member  of 
the  Ross  Brook  Formation  and  the  papery  shales  of  the 
lower  part  of  the  middle  member  of  the  Ross  Brook  For¬ 
mation.  Benthic  shelly  fossils  have  been  reported  from 
only  one  horizon  in  these  units. 

NON-MARINE. — Weathered  horizons  on  the  tops  of  lava 
flows  in  the  Bears  Brook  Volcanic  Group  that  underlies 
the  Arisaig  Group  have  been  interpreted  as  lateritic  soils 
(Boucot  et  al.,  1974).  These  features  are  further  discussed 
by  Johnson  and  Van  Der  Voo  (1990).  The  unconformity 
surface  at  the  contact  of  the  Bears  Brook  Volcanic  Group 
with  the  Arisaig  Group  also  represents  subaerial  expo¬ 
sure  and  erosion.  The  upper  (red)  member  of  the 
Moydart  Formation  contains  blocky  red  silty  mudstones 
with  calcareous  nodules  suggestive  of  some  warm  cli¬ 
mate  soils.  Red  beds  with  feldspathic  sandstones  and  fos¬ 
sils  of  freshwater  fish  characterize  the  bulk  of  the  Early 
Devonian  Knoydart  Formation  that  conformably  overlies 
the  Stonehouse  Formation. 


The  Arisaig  Group  and  Its 
Relative  Bathymetry 


Ihe  left  side  of  Figure  2  shows  the  variation  from  shal¬ 
lower  to  deeper  conditions  throughout  the  Arisaig 
Group,  with  stratigraphic  thickness  for  the  vertical  scale. 
The  units  are  discussed  in  stratigraphic  order  below.  All 
otherwise  unreferenced  descriptions  are  taken  from 
Bambach  (1969). 

Bears  Brook  Volcanic  Group.— The  volcanic  and 
sedimentary  rocks  that  underlie  the  Arisaig  Group  are 
Ordovician  (Boucot  et  al.,  1975;  Johnson  and  Van  Der 
Voo,  1990).  Lateritic  soils  on  some  of  the  lava  flows  dem¬ 


onstrate  that  at  least  some  of  the  volcanics  in  the  Bears 
Brook  Volcanic  Group  erupted  subaerially,  and  the 
unconformity  on  which  the  Beechhill  Cove  Formation 
was  deposited  is  a  subaerial  erosion  surface  of  latest  Or¬ 
dovician  age.  Therefore,  deposition  of  the  Arisaig  Group 
began  at  or  slightly  above  sea-level. 

Beechhill  Cove  Formation.— Pickerill  and  Hurst  (1983) 
made  a  definitive  study  of  the  facies  and  brachiopod  fau¬ 
nas  of  the  Beechhill  Cove  Formation.  The  Beechhill  Cove 
Formation  is  reported  as  73  m-thick  in  a  complete  section 
at  Doctors  Brook  (Pickerill  and  Hurst,  1983),  but  about  90 
m  were  measured  at  Beechhill  Cove  without  reaching  the 
base  (Bambach,  1969;  Boucot  et  al.,  1974).  Brachiopods 
suggest  an  early  Llandovery  (Rhuddanian)  age  for  the 
unit,  but  the  recent  report  of  Ashgill  acritarchs  from  the 
Beechhill  Cove  Formation  (Beck,  1996)  raises  the  possibil¬ 
ity  that  all  or  part  of  the  formation  may  be  latest  Ordovi¬ 
cian.  The  formation  rests  on  an  erosion  surface  and  be¬ 
gins  with  a  thin  basal  conglomerate  that  is  succeeded  by  a 
red  shale  with  marine  trace  fossils.  The  bulk  of  the  forma¬ 
tion  is  bioturbated  mudstones  and  thin  siltstones.  These 
facies  contain  linguloid  brachiopods,  and  several  hori¬ 
zons  are  characterized  by  several  different  articulate  bra¬ 
chiopods.  Some  crinoid  columnals  and  several  bivalves 
have  also  been  reported  (Bambach,  1969).  About  1.5  m  of 
laminated  black  shale  that  lacks  both  shelly  fauna  and 
bioturbation  occur  about  7-10  m  below  the  top  of  the  for¬ 
mation.  Pickerill  and  Hurst  (1983)  reported  Dalmanella- 
dominated  brachiopod  assemblages  from  the  2.0  m  just 
below  the  black  shale  bed  at  Beechhill  Cove.  Springer  and 
Bambach  (1985)  documented  that  dalmanellids  com¬ 
monly  dominate  muddy  deep-shelf  environments  in  the 
Late  Ordovician.  The  uppermost  part  of  the  formation  re¬ 
turns  to  bioturbated  mudstones  and  tempestite  siltstones. 
It  is  obvious  that  this  sequence  represents  a  deepening 
interval  in  the  end-Ordovician-Rhuddanian  that  pro¬ 
gresses  from  subaerial  exposure  to  basinal  depths,  and 
concludes  with  a  brief  shallowing  interval  before  the  pro¬ 
found  deepening  that  starts  the  succeeding  Ross  Brook 
Formation. 

Ross  Brook  Formation.— Hurst  and  Pickerill  (1986) 
discussed  the  facies  and  brachiopod  faunas  of  the  Ross 
Brook  Formation  in  detail.  Their  work  clarified  strati¬ 
graphic  details  not  completely  recorded  in  Bambach 
(1969)  or  Boucot  et  al.  (1974).  But  they  apparently  fol¬ 
lowed  the  standard  practice  of  brachiopod  specialists  by 
collecting  primarily  from  coquinites  and  shell  clusters, 
and  therefore  did  not  adequately  document  the  bivalve 
fauna  in  the  formation.  Data  on  the  abundant  bivalve 
fauna  from  Arisaig  are  available  in  Bambach  (1969).  In 
the  Paleozoic,  bivalve  shells  were  predominately  arago- 
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nitic  and  dissolved  quickly  after  burial,  often  before 
lithification  of  the  enclosing  sediment.  This  means  Paleo¬ 
zoic  bivalves  are  commonly  preserved  as  composite 
molds  (McAlester  1962;  Bambach,  1973).  Molds  in 
unlithified  sediment  cannot  be  reworked,  and,  because 
most  coquinites  are  formed  by  reworking  in  storm 
events,  the  reworked  fossils  preserved  in  storm  deposits 
are  biased  in  favor  of  such  calcific  forms  as  articulate 
brachiopods.  However,  studies  of  shelf  tempestites 
(Kreisa  and  Bambach,  1982;  Springer  and  Bambach,  1985; 
Bennington,  1995)  indicate  that  tempestite  coquinites, 
such  as  those  throughout  the  Arisaig  Group,  usually  rep¬ 
resent  reworked  local  faunas  rather  than  transported 
shells.  The  Ross  Brook  Formation  is  310—340  m-thick  and 
comprises  three  members. 

Lower  member  of  Ross  Brook  Formation.— The 
lower  member  of  the  Ross  Brook  Formation  is  a  black,  fis¬ 
sile,  graptolitic  shale  about  30  m-thick  that  starts  abruptly 
at  the  contact  with  the  Beechhill  Cove  Formation.  It  lacks 
a  significant  benthic  fauna.  Waldron  et  al.  (1996)  reported 
that  the  graptolites  in  the  shale  span  most  of  the  middle 
Llandovery  (Aeronian).  The  lower  member  represents  re¬ 
newed  deep-water  conditions  during  the  Aeronian  after 
the  end-Ordovician  (Rhuddanian)  deepening  and  slight 
shallowing  at  the  top  of  the  Beechhill  Cove  Formation. 

Middle  member  of  Ross  Brook  Formation.— The 
middle  member  of  the  Ross  Brook  Formation  is  predomi¬ 
nantly  mudstone  with  thin  siltstones  in  the  middle  and 
upper  portions  of  the  unit.  The  thickness  of  approxi¬ 
mately  180-200  m  is  not  known  accurately  because  of 
structural  complications  and  incomplete  exposure  of  the 
lower  part  along  the  primary  coastal  exposure.  Grapto¬ 
lites  and  brachiopods  indicate  that  the  unit  probably 
ranges  from  the  end  of  the  middle  Llandovery  (Aeronian) 
to  the  late  Llandovery  (Telychian).  Deeper-water  shales 
low  in  the  member  give  way  to  mudstones  with  thin 
tempestites  in  the  middle  to  upper  parts  of  the  member. 
Eocoelia,  a  dominant  shallow-shelf  brachiopod  genus 
(Ziegler,  1965;  Ziegler  et  al.,  1968),  is  common  in  most  of 
the  middle  and  upper  parts  of  the  member  (Watkins  and 
Boucot,  1975;  Hurst  and  Pickerill,  1986).  Rare  occurrences 
of  deposit-feeder-dominated  bivalves  also  occur  in  shales 
in  the  middle  of  the  member.  A  5.0  m  interval  of  frequent 
tempestites  (50%  of  the  section)  about  25  m  below  the  top 
of  the  member  lacks  bivalves,  and  the  top  10  m  of  the 
member  contain  fewer  and  thinner  tempestites  and 
thicker  mudstones,  with  a  more  diverse  fauna  that  in¬ 
cludes  bivalves  dominated  by  suspension-feeding 
modiolopsids.  The  sequence  represents  shoaling  from 
deep-water  through  deeper,  open-shelf  to  very  shallow- 
shelf  conditions  in  the  early  to  middle  Telychian. 


Upper  member  of  Ross  Brook  Formation.— The  upper 
member  of  the  Ross  Brook  Formation  is  later  Telychian  in 
age.  Faulting  prevents  an  accurate  determination  of  the 
thickness  of  this  member.  It  is  a  minimum  of  100-110  m- 
thick,  but  faults  in  the  lower  middle  part  prevent  com¬ 
plete  resolution  of  the  stratigraphic  succession  (some 
small  intervals  are  probably  faulted  out).  The  top  of  the 
member  is  missing  along  the  coast  because  it  is  faulted 
against  the  overlying  French  River  and  Doctors  Brook 
Formations.  The  upper  member  is  entirely  late 
Llandovery  (later  Telychian).  The  lower  and  middle  parts 
of  the  member  were  deposited  in  very  shallow-shelf  envi¬ 
ronments  characterized  by  numerous  thicker  tempestites 
(up  to  45  cm),  and  load  casts  and  scour  marks  are  present 
on  the  bases  of  many  of  the  thicker  siltstones  in  the 
middle  of  the  member.  The  bivalve  portion  of  the  fauna 
in  the  lower  part  of  the  member  is  strongly  dominated  by 
just  three  species  of  byssate  suspension-feeders,  with 
only  sporadic  occurrences  of  other  species.  The  bivalves 
are  common  only  in  a  10  m  interval  in  the  middle  of  the 
lower  part  of  the  member.  Much  of  the  top  20  m  of  the 
member  exposed  along  the  coast  is  composed  of  thick, 
massive,  heavily  bioturbated  mudstones  with  a  diverse 
fauna  that  includes  both  deposit-feeding  and  suspen¬ 
sion-feeding  bivalves.  Cephalopods  and  gastropods  also 
become  common  in  the  top  20  m  of  the  upper  member.  At 
the  highest  exposures,  the  molluscan  component  of  the 
fauna  decreases,  and  brachiopods  and  graptolites  are  the 
most  common  fossils.  The  environments  represented  in 
the  upper  member  of  the  Ross  Brook  Formation  start 
with  very  shallow-shelf  in  the  lower  and  middle  parts  of 
the  member,  deepen  to  shallow-shelf,  and  then  are  re¬ 
placed  by  marginally  deeper,  open-shelf  conditions  at  the 
top  of  the  coastal  exposure  of  the  member.  As  Eocoelia 
sulcata  is  common  in  the  highest  coastal  exposures  (Hurst 
and  Pickerill,  1986),  the  deepening  high  in  the  upper 
member  of  the  Ross  Brook  Formation  is  very  late 
Telychian  (C6  Llandovery). 

French  River  Formation— The  French  River  Forma¬ 
tion  is  the  poorest  exposed  formation  in  the  Arisaig 
Group  at  Arisaig,  Nova  Scotia.  It  is  not  exposed  in  the 
classic  coastal  section,  and  faulting  complicates  its  strati¬ 
graphic  expression  in  stream  sections  in  the  area.  The  for¬ 
mation  appears  to  be  40-80  m-thick.  It  is  composed  pre¬ 
dominantly  of  siltstones  from  5-40  cm-thick  with  accom¬ 
panying  thin  shales.  A  bed  of  oolitic  hematite  is  present 
in  the  middle  of  the  unit  at  several  sections.  Because  the 
formation  overlies  the  later  late  Llandovery  upper  mem¬ 
ber  of  the  Ross  Brook  Formation  and  contains  fossils 
known  to  range  from  the  late  Llandovery  into  the 
Wenlock,  the  French  River  Formation  is  probably  mostly 
early  Wenlock  (Sheinwoodian).  In  stream  sections,  the 
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contact  with  the  Ross  Brook  Formation  is  conformable, 
but  the  lithology  changes  dramatically  from  dark  mud¬ 
stones  into  light-colored  siltstone.  The  shift  to  primarily 
winnowed  sediments  indicates  a  marked  shallowing.  The 
bed  of  oolitic  hematite  (up  to  1.0  m-thick)  indicates  a  fur¬ 
ther  decrease  in  siliciclastic  sediment  supply.  A  complex 
interaction  of  tectonic  movement  and  eustatic  change 
seems  to  have  been  involved  in  deposition  of  the  forma¬ 
tion.  Although  the  sediments  are  clearly  related  to  higher 
energy  deposition  associated  with  fairly  shallow  water, 
the  fauna  in  the  iron  ore  and  scattered  through  the  silt- 
stones  indicates  open-shelf,  not  shallow-shelf,  environ¬ 
ments  (benthic  assemblage  3^4  according  to  Watkins  and 
Boucot,  1975).  Bambach  (1969)  observed  trilobites  and 
nautiloids,  as  well  as  brachiopods  and  a  mixed  fauna  of 
shallow-burrowing  deposit-feeding  and  byssate  suspen¬ 
sion-feeding  bivalves,  at  the  type  section  of  the  formation 
about  30-35  km  southwest  of  Arisaig,  which  is  also  con¬ 
sistent  with  open-shelf  environments.  Apparently  after 
the  initial  shallowing  at  the  base  of  the  formation,  subsid¬ 
ence  was  slow  and  sedimentation  continued  in  shallow, 
high-energy  conditions.  However,  sea-level  rose  enough 
by  the  middle  of  the  formation  to  flood  the  source  of  clas¬ 
tic  sediments,  and  only  fossils  and  allogenic  precipitates 
accumulated  in  open-shelf  conditions  during  the  deposi¬ 
tion  of  the  hematite  bed. 

Doctors  Brook  Formation.— The  Doctors  Brook  For¬ 
mation  is  approximately  85  m-thick,  but  faulting  repeats 
parts  of  the  lower  half  of  the  formation  along  the  coast  sec¬ 
tion  at  Arisaig  and  prevents  a  precise  determination  of  the 
thickness.  Although  no  distinctive,  biostratigraphically 
useful  fossils  have  been  recorded  from  the  formation,  the 
age  of  the  Doctors  Brook  Formation  is  inferred  to  be  late 
Wenlock  (Homerian)  because  it  underlies  the  lower  mem¬ 
ber  of  the  McAdam  Brook  Formation,  which  contains  dis¬ 
tinctive  early  Ludlow  graptolites  (Boucot  et  al.,  1974),  and 
overlies  the  earlier  Wenlock  French  River  Formation.  The 
lithology  is  predominantly  blocky,  medium-  to  thick- 
bedded  (up  to  50  cm)  mudstones  with  thin-bedded  (10  cm 
or  less)  siltstone  and  coquinite  tempestites.  Phosphatic 
nodules  are  present  in  some  of  the  siltstones  and 
coquinites.  The  brachiopod  fauna  is  similar  to  that  in  the 
French  River  Formation  (benthic  assemblage  3-4  accord¬ 
ing  to  Watkins  and  Boucot,  1975),  but  fossils  are  far  more 
common  than  in  the  French  River  Formation.  Crinoid 
columnals  are  abundant  in  some  beds,  even  forming  a  few 
crinoidal  coquinites,  and  deposit-feeding  bivalves  are 
common  in  the  thick  mudstone  beds  of  the  lower  part  of 
the  formation.  Mudstones  decrease  in  thickness  as  thicker 
siltstones  with  interference  ripples  become  common  in  the 
upper  30  m  of  the  formation.  The  lower  and  middle  parts 
of  the  formation  represent  open-shelf  environments,  as 


suggested  by  the  nature  of  the  brachiopod  fauna,  preva¬ 
lence  of  deposit-feeding  bivalves,  and  the  presence  of 
crinoids  and  phosphatic  nodules.  The  environment 
shallowed  through  the  upper  middle  part  of  the  forma¬ 
tion,  and  the  upper  part  of  the  unit  represents  shallow-  to 
very  shallow-shelf  environments. 

McAdam  Brook  Formation.— The  McAdam  Brook 
Formation  is  about  95  m-thick.  All  but  about  10  m  of  the 
formation  is  exposed  continuously  along  the  coast  sec¬ 
tion.  Although  the  section  is  cut  by  numerous  small  nor¬ 
mal  faults,  the  section  can  be  precisely  reconstructed  by 
tracing  key  beds  across  different  fault  blocks  (Bambach, 
1969).  This  revealed  a  nearly  continuous,  gradational 
change  in  facies  and  faunas  from  the  bottom  to  the  top  of 
the  formation.  The  lithologies  change  upward  from 
blocky,  dark  gray  mudstones  with  no  tempestites 
through  interbedded,  dark  gray  mudstones  and  silty 
tempestites  to  massive  siltstones  with  large  load  casts. 
Levinton  and  Bambach  (1975)  documented  the  faunal  se¬ 
quence  of  bivalves  and  its  environmental  setting.  The  for¬ 
mation  is  dated  as  early  Ludlow  (Gorstian),  based  on 
graptolites  (Boucot  et  al.,  1974). 

Lower  member  of  McAdam  Brook  Formation. — On 
the  coast,  the  contact  of  the  Doctors  Brook  and  McAdam 
Brook  Formations  displays  a  sharp  change  from  light 
gray,  silty  mudstone  to  dark  gray  mudstone.  At  the  con¬ 
tact,  burrows  into  the  top  bed  of  the  Doctors  Brook  For¬ 
mation  are  filled  with  dark-colored  mudstone  of  the  basal 
McAdam  Brook  Formation.  This  seems  to  represent  a 
rapid  deepening  from  very  shallow  to  deep  open-shelf 
conditions.  At  several  other  localities,  Boucot  et  al.  (1974) 
reported  the  contact  as  gradational.  The  lithology  of  the 
lower  member  changes  from  massive  mudstones  to  mud¬ 
stones  with  thin  siltstone  laminae  that  represent  slight 
winnowing  from  storm  events  in  deep  water  to  thick 
mudstones  and  thin  tempestites  to  mudstones  with  regu¬ 
larly  interbedded  tempestites  up  to  6  cm-thick.  This 
whole  sequence  represents  a  sudden  deepening  to  deep 
open-shelf  conditions  at  the  contact  with  the  underlying 
Doctor's  Brook  Formation  that  was  followed  by  near- 
continuous  shallowing  to  shallow-shelf  conditions  at  the 
top  of  the  lower  member.  The  bivalve  fauna  reflects  this 
environmental  change  as  well.  The  bivalves  change  from 
a  fauna  of  non-siphonate  deposit-feeders  adapted  to  life 
in  seldom  disturbed,  quiet,  soupy,  deep-water  muds  to 
siphonate  deposit-feeders  adapted  for  burrowing  in  the 
coherent  muds  of  shallower  waters  that  were  swept  clear 
of  a  soupy  overlayer  by  frequent  currents.  Levinton  and 
Bambach  (1975)  documented  parallel  changes  in  this 
Silurian  sequence  and  in  modern  deposit-feeding  bivalve 
communities. 


Silurian  Sea-Level  Changes  at  Arisaig,  Nova  Scotia 
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Upper  member  of  McAdam  Brook  Formation— The 
lithology  of  the  upper  member  is  massive  siltstones  and 
silty  mudstones  in  beds  up  to  60  cm-thick.  Large 
loadcasts  occur  in  the  middle  of  the  member  and  indicate 
rapid  deposition  of  the  overlying  siltstone  beds  on  still 
uncompacted  mudstones.  A  shelly  fauna  is  not  abundant 
in  this  member.  Interference  ripples  mark  the  tops  of  the 
siltstones  in  the  upper  part  of  the  member.  These  features 
indicate  that  the  environment  of  deposition  of  the  upper 
member  was  very  shallow-shelf,  and  that  the  shallowing 
that  characterizes  the  lower  member  continued  through 
the  deposition  of  the  upper  member  of  the  McAdam 
Brook  Formation. 

MOYDART  FORMATION. — The  Moydart  Formation  is  115 
m-thick  and  is  divided  into  two  distinctive  but  unequal 
members.  The  lower  (green)  member  is  105  m-thick, 
whereas  the  upper  (red)  member  is  only  10  m-thick.  The 
Moydart  overlies  the  well-dated  early  Ludlow  (Gorstian) 
McAdam  Brook  Formation,  and  late  Ludlow  (Lud- 
fordian)  fish  remains  have  been  reported  from  the  upper 
(red)  member  (Boucot  et  al.,  1974),  so  it  appears  that  the 
formation  is  late  Ludlow  (Ludfordian). 

Lower  (green)  member  of  Moydart  Formation.— The 
lower  member  is  composed  of  massive  silty  mudstones 
and  siltstones  in  beds  up  to  1.25  m-thick.  Vertical  burrows 
are  common  in  the  lowest  10  m  and  the  top  15  m  of  the 
member,  and  intense  bioturbation,  more  obvious  than  in 
any  other  part  of  the  section,  has  disrupted  much  of  the 
primary  lamination  in  many  of  the  beds.  Interference 
ripples  are  common  in  all  but  the  middle  third  of  the  mem¬ 
ber.  Fossils  are  concentrated  primarily  in  coquinites  in  the 
lower  and  upper  parts  of  the  unit,  but  are  dispersed  in  the 
finer-grained  beds  in  the  middle  part  of  the  member,  the 
only  part  of  the  member  where  bivalves  occur.  The 
bivalves  are  mostly  byssate  suspension-feeders.  Bryozoans 
and  articulated  crinoid  calyces  are  also  found  in  the 
middle  of  the  member.  Intermittent  high  sedimentation 
rates  are  evident  in  the  lower  part  of  the  unit.  Articulated 
crinoid  stems  up  to  40  cm  in  length  are  preserved  verti¬ 
cally  iir  life  position  in  one  bed.  The  lower  part  of  the  lower 
member  of  the  Moydart  Formation  was  deposited  in  very 
shallow-shelf  environments,  with  these  very  shallow  con¬ 
ditions  that  persisted  from  the  upper  member  of  the 
McAdam  Brook  Formation.  Conditions  then  deepened  to 
open-shelf  in  the  middle  of  the  member,  and  returned  to 
very  shallow-shelf  in  the  upper  part  of  the  unit. 

Upper  (red)  member  of  Moydart  Formation.— The  10 
meter-thick  upper  (red)  member  of  the  Moydart  Forma¬ 
tion  is  composed  of  red  silty  mudstone.  The  basal  and 
uppermost  meters  each  contain  thin  laminations.  Dineley 


(1963)  reported  linguloid  brachiopods  and  fish  spines 
from  the  basal  laminated  portion.  The  lamination  at  the 
contact  with  the  overlying  Stonehouse  Formation  sug¬ 
gests  intertidal  cryptalgal  laminae.  The  features  at  both 
the  base  and  top  of  the  unit  are  consistent  with  a  transi¬ 
tion  from  marine  to  non-marine  conditions.  The  bulk  of 
the  unit  appears  to  be  non-marine,  with  pedogenic  car¬ 
bonate  nodules. 

Stonehouse  Formation.— The  highest  marine  unit  in 
the  Arisaig  Group  is  the  425  m-thick  Stonehouse  Forma¬ 
tion.  The  formation  is  dated  as  Pridoli  on  the  basis  of  both 
conodonts  and  brachiopods  (Boucot  et  al.,  1974).  The 
overlying  Knoydart  Formation  is  dated  as  Gedinnian 
(Boucot  et  al.,  1974),  and  the  top  20  or  30  m  of  the 
Stonehouse  Formation,  which  is  exposed  only  in  streams 
inland  of  the  coast  section,  also  may  be  earliest  Devonian 
(Bambach,  1969).  There  are  two  members  of  the  forma¬ 
tion,  each  a  bit  over  200  m-thick. 

Lower  member  of  Stonehouse  Formation. — The  lith¬ 
ology  of  the  lower  member  of  the  Stonehouse  Formation 
is  very  similar  to  the  lower  and  upper  parts  of  the  lower 
member  of  the  Moydart  Formation.  Massive,  thoroughly 
bioturbated  silty  shales  up  to  1.25  m-thick  and  laminated 
siltstones  up  to  30  cm  thick  with  extensive  interference 
ripple-marked  surfaces  comprise  the  whole  unit.  The 
only  shelly  fossils  are  found  in  coquinites  at  the  bottoms 
of  some  of  the  laminated  siltstones.  The  entire  205  m  of 
the  member  represent  very  shallow-shelf  environments. 
Fragmentary  remains  of  freshwater  fish  have  also  been 
identified  in  this  unit,  and  further  indicate  proximity  to 
shore  (Bambach,  1969). 

Upper  member  of  Stonehouse  Formation.— A  deep¬ 
ening  and  shallowing  occurred  between  the  very 
shallow-shelf  environments  of  the  lower  member  and  the 
transition  to  non-marine  conditions  in  the  overlying 
Knoydart  Formation.  The  210-215  m  of  the  upper  mem¬ 
ber  of  the  Stonehouse  Formation  are  interbedded  thin 
mudstones  and  tempestites.  The  thickest  mudstones  are 
about  50-60  cm-thick,  and  the  thickest  tempestites  are 
about  30  cm-thick,  but  many  of  each  are  thinner.  The  beds 
are  richly  fossiliferous.  The  entire  unit  represents  shal¬ 
low-shelf  environments.  Variation  in  the  bivalve  fauna  in 
the  upper  member  reveals  that  the  maximum  depth  pro¬ 
duced  by  the  deepening  event  in  the  upper  member  of 
the  Stonehouse  was  reached  in  a  15  m-thick  interval 
about  60-70  m  below  the  top  of  the  formation.  In  this  in¬ 
terval,  the  proportion  of  deposit-feeders  rises  to  about 
55%  of  the  bivalve  fauna,  compared  to  the  55-60%  pro¬ 
portion  of  suspension-feeders  both  below  and  above  this 
deepest-water  segment  of  the  section  (Table  1).  As  noted 
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above,  the  proportions  of  suspension-feeding  and 
deposit-feeding  bivalves  are  often  related  to  depth.  The 
accumulation  of  low  specific  gravity  organic  particles  in 
the  sediment  that  the  deposit-feeders  utilized  for  food  is 
inversely  correlated  to  the  frequency  and  intensity  of 
agitation,  which  decreases  with  increasing  water  depth. 

KNOYDART  FORMATION. — Conformably  overlying  the 
Stonehouse  Formation  is  the  Knoydart  Formation.  The 
contact,  which  is  only  exposed  inland  in  small  stream 
valleys,  is  gradational,  with  the  beds  changing  from  fos- 
siliferous  coquinites  to  barren,  micaceous,  fine-grained 
sandstones  to  red  sandstones  and  siltstones  with  calcare¬ 
ous  nodules  similar  to  the  lithology  of  the  upper  (red) 
member  of  the  Moydart  Formation.  Fining-upward 
cycles  above  this  transition  are  apparently  fluvial  se¬ 
quences,  and  at  least  three  horizons  have  produced  fos¬ 
sils  of  freshwater  fish  of  definite  Gedinnean  age  (Boucot 
et  al.,  1974).  The  Arisaig  section  ends  in  deposits  formed 
above  sea-level  in  the  Early  Devonian. 

Comparison  of  Arisaig  Bathymetry 
and  Silurian  Eustasy 

Johnson  (1996)  established  a  standard  eustatic  curve  for 
the  entire  Silurian.  The  curve  was  developed  after  numer¬ 
ous  studies  and  in  collaboration  with  several  other  work¬ 
ers;  references  are  listed  in  Johnson  (1996).  Johnson  listed 
eight  major  highstand  events  and  nine  lowstands  (includ¬ 
ing  the  lowstands  that  bound  the  Silurian  System).  Four  of 
the  highstands  occur  in  the  Llandovery,  with  one  at  the 
Rhuddanian-Aeronian  boundary,  a  second  in  the 
Aeronian,  the  third  early  in  the  Telychian,  and  the  fourth 
near  the  end  of  the  Telychian.  The  fifth  highstand  is  a  com¬ 
plex  one  in  the  early  to  middle  Wenlock  (Johnson  [1996] 
diagramed  some  fluctuation  in  sea-level  during  this 
highstand).  The  sixth  and  seventh  highstands  are  Ludlow, 
one  at  the  base  of  the  Gorstian  and  the  other  in  the  middle 
Ludfordian.  The  eighth  Silurian  highstand  occurs  in  the 
Pridoli.  The  nine  lowstands  occur  at  the  beginning  of  the 
Silurian  (related  to  the  Ashgill  glacial  event),  between  each 
of  the  highstands,  and  in  the  Early  Devonian. 

As  shown  in  Figures  2  and  3,  there  is  nearly  a 
one-to-one  correspondence  of  highstands  in  the  Arisaig 
Group  with  those  in  Johnson's  Silurian  standard  eustatic 
curve.  The  only  part  of  the  eustatic  curve  that  is  not  well- 
represented  is  in  the  early  and  middle  Llandovery.  There 
are  doubts  about  the  exact  age  of  the  Beechhill  Cove  For¬ 
mation,  although  the  unit  almost  certainly  represents  a 
deepening  sequence  likely  to  represent  the  sea-level  rise 
after  the  Ashgill  glaciation,  but  it  is  not  clear  that  the 


FIGURE  3 — Suggested  temporal  positions  of  the  eight  sea-level 
highstands  in  the  Arisaig  section  and  correlation  with  highstands  of  the 
Silurian  standard  eustatic  curve  (Johnson,  1996).  Numbers  as  in  Figure 
2.  Beechhill  Cove  Formation,  members  of  the  Ross  Brook  Formation, 
lower  member  of  the  McAdam  Brook  Formation,  upper  member  of  the 
Moydart  Formation,  and  Stonehouse  Formation  are  dated  by  fossils. 
Lowstands  between  highstands  1-3  are  not  unambiguously  identifiable 
in  deep  basinal  facies  of  upper  Beechhill  Cove  Formation  and  lower 
member  of  Ross  Brook  Formation. 

highstand  near  the  top  of  the  unit  is  the  Rhuddanian- 
Aeronian  highstand.  Deep  basinal  conditions  occur  in  the 
Aeronian  lower  member  of  the  Ross  Brook  Formation. 
Tectonic  subsidence  as  well  as  sea-level  rise  is  associated 
with  this  maximum  highstand  record  at  Arisaig.  Contin¬ 
ued  deep-water  conditions  related  to  tectonic  subsidence 
may  have  prevented  the  lowstand  between  the  first  two 
highstands  in  the  Silurian  from  being  recorded  at  Arisaig, 
and  also  may  obscure  the  difference  between  the  middle 
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Aeronian  highstand  and  the  Aeronian-Telychian  bound¬ 
ary  highstand.  However,  it  is  clear  that  the  Arisaig  sec¬ 
tion  records  high  sea-level  during  the  Aeronian  (eustatic 
highstands  1  to  3),  and  the  shallowing  in  the  middle  of 
the  Ross  Brook  Formation  corresponds  with  the  middle 
Telychian  shallowing  in  Johnson's  eustatic  curve.  From 
then  on,  the  Silurian  section  at  Arisaig,  within  the  current 
available  limits  on  precise  dating,  is  remarkable  in  its  ap¬ 
parent  faithful  recording  of  eustatic  fluctuations  in  a 
siliciclastic  section. 

Because  the  Arisaig  area  was  tectonically  active 
(Waldron  et  al.,  1996),  tectonism  could  have  controlled 
sea-level  in  the  area  and  obscured  eustatic  effects.  How¬ 
ever,  the  correspondence  in  number  and  the  plausibility 
of  timing  of  the  pattern  of  shallowing  and  deepening  par¬ 
allel  to  Johnson's  eustatic  curve  is  striking.  Waldron  et  al. 
(1996)  have  estimated  subsidence  curves  for  the  Arisaig 
Group  that  show  variation  in  subsidence  rate  through  the 
Silurian  at  Arisaig.  High  subsidence  rates  are  recorded 
for  the  Beechhill  Cove,  Doctors  Brook,  and  Stonehouse 
Formations,  and  low  rates  are  noted  for  the  French  River, 
McAdam  Brook,  and  Moydart  Formations.  Sediment 
supply  also  varied.  Relatively  less  sediment  accumulated 
in  the  Beechhill  Cove,  French  River,  Doctors  Brook,  and 
Moydart  Formations,  and  more  sediment  accumulated  in 
the  Stonehouse  Formation  than  would  be  expected  if 
sediment  accumulation  and  the  passage  of  time  had  been 
in  balance  throughout  the  section.  The  item  of  interest  for 
this  report  is  that,  except  for  the  Aeronian,  the  rate  of 
sediment  supply  was  almost  always  closely  balanced 
with  accommodation  space  at  Arisaig  during  the  Sil¬ 
urian,  despite  variations  in  subsidence  rate.  General 
depositional  conditions  remained  in  relatively  shallow- 
shelf  environments  most  of  the  time.  It  is  this  remarkable 
balance  between  sediment  supply  and  accommodation 
space  that  permitted  the  section  to  record  the  effects  of 
eustatic  change. 
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ABSTRACT — Lower  Silurian  strata  of  eastern  Wisconsin 
include  inner-  and  middle-shelf  deposits  in  the  north  and  outer- 
shelf  and  ramp  deposits  in  the  south.  Water-depth  curves  con¬ 
structed  from  sedimentological  and  paleontological  data  show 
depositional  sequences  of  early  Rhuddanian,  late  Rhuddanian- 
early  Aeronian,  early-middle  Aeronian,  late  Aeronian-early 
Telychian,  Telychian,  and  late  Telychian-early  Sheinwoodian 
age.  These  sequences  correlate  to  sea-level  cycles  described  from 
several  other  regions,  and  this  suggests  strong  eustatic  control. 
Depositional  sequences  are  easily  recognized  in  shallow-water 
deposits  of  northeastern  Wisconsin,  where  exposure  surfaces  are 
well-developed,  and  sedimentary  facies  and  faunas  are  sensitive 
to  changes  in  water  depth.  In  contrast,  the  deeper  setting  of 
southeastern  Wisconsin  masks  the  sea-level  cycles  because  ivater 
depth  changes  are  not  readily  resolvable. 


Introduction 


Silurain  strata  underlie  eastern  Wisconsin  adjacent  to 
Lake  Michigan  (Figure  1),  although  Pleistocene  sedi¬ 
ments  cover  most  of  the  outcrop  belt.  The  most  abundant 
natural  exposures  occur  at  the  northern  end  of  this  belt  in 
the  Door  Peninsula  (Door  and  Brown  Counties;  Figure  2). 
Scattered  quarry  outcrops  occur  throughout  eastern  Wis¬ 
consin,  and  were  the  only  data  sources  available  for  the 
Waukesha  County  study  area,  200  km  south  of  the  Door 
Peninsula.  The  two  study  areas  lie  on  a  line  oblique  to 
depositional  strike,  and  lie  between  the  Wisconsin  Arch 
(to  the  west  and  northwest)  and  the  Michigan  Basin  (to 
the  east  and  southeast). 

Different  stratigraphic  nomenclatures  have  been 
used  for  the  two  areas  since  the  work  of  Chamberlin 
(1877).  In  the  Door  Peninsula,  Shrock  (1940)  applied  the 
northern  Michigan  nomenclature  (Ehlers  and  Kesling, 
1957;  Ehlers,  1973),  and  its  use  has  continued  with  minor 


FIGURE  1 — Generalized  Silurian  outcrop  (or  pre-Pleistocene  subcrop) 
in  the  Great  Lakes  region  (shaded  areas).  Location  of  Figure  2  shown. 
Modified  from  Lowenstam  (1950). 


modifications  (Stieglitz,  1989;  Kluessendorf  and  Mikulic, 
1989;  Harris  and  Waldhuetter,  1996).  Chamberlin's  (1877) 
stratigraphic  nomenclature  for  southeast  Wisconsin  has 
been  variously  modified  by  Alden  (1918),  Mikulic  (1977), 
and  Mikulic  and  Kluessendorf  (1988).  Rovey  (1990)  and 
Kluessendorf  and  Mikulic  (1996)  introduced  names  for 
stratigraphic  units  defined  in  Illinois  (Willman,  1973)  and 
northern  Michigan.  Our  column  for  Waukesha  County  is 
a  hybrid  of  Wisconsin  and  Michigan  nomenclature  and  is 
discussed  below.  Figure  3  summarizes  the  relationship 
between  the  stratigraphic  units  of  the  two  areas. 
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|  Ozaukee  Co. 
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FIGURE  2 — Study  areas  in  the  Door  Peninsula  and  Waukesha  County, 
Wisconsin.  See  Harris  and  Waldhuetter  (1996),  Hegrenes  (1996)  and 
Kuglitsch  (1996)  for  locality  data.  Location  of  Door  Peninsula  core 
(Figure  6)  and  Lannon-Sussex  area  (Figure  9)  given. 


This  contribution  reviews  our  recent  work  in  these 
two  areas  and  uses  new  biostratigraphic  data  (detailed  be¬ 
low)  to  correlate  the  five  Llandovery  depositional  sequences 
recognizable  in  the  updip  Door  Peninsula  with  the 
downdip  Waukesha  County  outcrops.  In  addition,  at  least 
two  younger  (Wenlock)  sequences  are  present  in  Waukesha 
County  sections.  The  sequences  (informally  termed  S1-S7) 
provide  a  stratigraphic  framework  for  interpreting  relative 
sea-level  changes  from  facies.  The  relative  sea-level  curve 
established  in  the  Door  Peninsula  is  correlative  with  those 
described  from  other  regions,  and  suggest  a  strong  control 
by  eustatic  changes  in  their  generation. 


Silurian  Facies  and  Benthic 
Assemblages 


Depositional  facies  are  informal  rock  units  characterized 
by  lithologic  fabrics,  sedimentary  structures,  and  faunas 
indicative  of  a  shared  depositional  environment  (Figure 


FIGURE  3 — Stratigraphy  and  correlation  of  the  study  areas. 
Nomenclature  for  Waukesha  County  is  tentative.  Brandon  Bridge 
Formation  equivalent  to  part  of  the  Waukesha  Formation  and  is  not 
present  in  Lannon-Sussex  area  (see  Figure  9).  Unconformities  indicated 
in  the  sequence  column.  Rhudd.  is  Rhuddanian  Stage.  Data  from  Ehlers 
and  Kesling  (1957),  Ehlers  (1973),  Willman  (1973),  Mikulic  (1977), 
Mikulic  and  Klussendorf  (1988),  Stieglitz  (1989,  1991),  Johnson  and 
Stieglitz  (1990),  Rovey  (1990),  Kleffner  et  al.  (1994),  Kuglitsch  (1994, 
1996),  Waldhuetter  (1994),  Watkins  et  al.  (1994),  Harris  and  Waldhuetter 
(1996),  Hegrenes  (1996),  and  Watkins  and  Kuglitsch  (1997). 


Facies  &  Depositional  Common  sedimentary  Benthic 

Enivr  eminent  textures  structures  assemblage 

Laminite 

mudstone. 

flat,  wavy  and  crinkly 

BA  I 

Tidal  flat 

wackestone 

laminations,  burrows 

Packstone 

packstone. 

ripples,  burrows 

BA  2 

Shallow 

wackestone 

shelf 

boundstone 

Burrowed 

wackstone. 

burrows,  bioturbation 

BA  3 

Deeper 

mudstone. 

shelf 

packstone 

Gra  instone 

grainstone. 

ripples,  cross-beds. 

BA  2-3 

Shelf 

packstone. 

reefs 

margin 

boundstone 

Mudstone 

mudstone 

flat  to  wavy  beds. 

BA  4-5 

Slope 

wackestone 

intraclasts,  graded  beds 

FIGURE  4 — Lithology  and  benthic  assemblages  of  the  Silurian  of 
eastern  Wisconsin.  Depositional  textures  listed  in  order  of  decreasing 
abundance. 
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Harris,  Kuglitsch,  Watkins,  Hegrenes,  and  Waldhuetter 


FIGURE  5 — Facies  model  for  the  Silurian  of  eastern  Wisconsin.  Study  areas  projected  into  transect  from  the  Wisconsin  Arch  to  the 
Michigan  Basin. 


4)  (Demicco  and  Hardie,  1994).  In  the  Silurian  of  Wiscon¬ 
sin,  depositional  facies  closely  parallel  the  Benthic  As¬ 
semblage  (BA)  classification  of  Boucot  (1975).  Boucot's 
classification  ranges  from  BA  1  (intertidal  facies)  to  BA  6 
(deep  basinal  facies).  For  example,  a  tidal  flat  environ¬ 
ment  is  represented  by  a  laminite  facies  with  a  BA  1 
fauna.  Brett  et  al.  (1993)  concluded  that  most  Silurian 
benthos  inhabited  the  photic  zone,  with  outer  shelf  fau¬ 
nas  of  BA  4  occupying  water  depths  no  greater  than  60  m. 

Depositional  facies  and  benthic  assemblages  indi¬ 
cate  that  the  Door  Peninsula  section  consists  of  inner-  to 
middle-shelf  deposits  (Harris  and  Waldhuetter,  1996; 
Harris  et  al.,  1996),  whereas  the  Waukesha  County  strata 
accumulated  in  an  offshore  setting  (Kuglitsch,  1996). 
Watkins  and  Kuglitsch  (1997)  documented  a  similar  lat¬ 
eral  facies  change  from  tidal  flat  (BA  1)  to  basin  (BA  4-5) 
in  time-equivalent  Aeronian  strata  of  Wisconsin  and 
Michigan.  Our  generalized  facies  model  for  eastern  Wis¬ 
consin  features  a  projection  of  the  outcrop  areas  into  a 
single  cross-section  (Figure  5). 

The  sequences  that  comprise  the  Door  Peninsula 
sections  consist  of  stacked  transgressive-regressive  cou¬ 
plets.  The  transgressive  systems  tracts  (TST)  ideally 
consist  of  a  deepening  succession  of  laminite-packstone- 
burrowed  facies,  although  most  are  incomplete.  The 
highstand  systems  tracts  (HST)  are  generally  thicker  than 
TSTs,  and  contain  the  same  facies  arranged  in  a  shal¬ 
lowing  succession  capped  by  exposure  surfaces. 
Sequence  boundaries  do  not  necessarily  coincide  with  ex¬ 
isting  formation  or  facies  boundaries.  In  Waukesha 
County  to  the  south,  sequence  boundaries  are  obscure 
because  of  the  deeper  water  setting. 

Correlation  of  the  stratigraphic  units  and  sequences 
between  the  two  areas  is  based  on  conodont  biostratigra¬ 


phy.  Conodont  abundance  in  Wisconsin  Silurian 
dolostones  is  very  low.  For  the  Waukesha  County  section, 
262  kg  of  dolostone  from  the  Burnt  Bluff  Group  through 
the  Racine  Formation  were  digested  to  yield  1,550  con¬ 
odont  elements  (Kuglitsch,  1996).  For  the  Door  Peninsula 
and  the  equivalent  section  in  northern  Michigan,  387  kg 
of  dolostone  from  the  Byron  through  the  Engadine  were 
digested,  and  yielded  1,815  conodont  elements  (Watkins 
and  Kuglitsch,  1997;  J.L.  Kuglitsch,  unpublished  data). 
These  low  conodont  yields  impose  limits  on  biostrati- 
graphic  resolution,  and  zone  boundaries  can  only  be  ap¬ 
proximately  located. 

DOOR  Peninsula. — The  Door  Peninsula  section  con¬ 
sists  of  five  well-defined  Llandovery  depositional  se¬ 
quences  (Harris  and  Waldhuetter,  1996;  Harris  et  al., 
1996;  see  Figure  6).  In  cores  (Hegrenes,  1996),  the  Sil¬ 
urian  overlies  an  exposure  surface  that  represents  the 
Hirnantian  (latest  Ordovician)  hiatus.  Sequence  SI  con¬ 
sists  of  a  transgressive-regressive  succession  that  con¬ 
stitutes  the  bulk  of  the  Mayville  Dolostone,  and  is 
capped  by  a  weathered  zone  located  within  an  interval 
of  laminite  facies.  The  upper  Mayville  and  part  of  the 
Byron  Dolostone  comprise  sequence  S2;  this  sequence  is 
predominantly  a  laminite  facies  with  a  thin  burrowed 
facies  interval  that  represents  the  transgressive  maxi¬ 
mum.  The  age  assignments  of  these  two  sequences  is 
largely  based  on  the  occurrence  of  the  brachiopod 
Virgiana  mayvillensis  in  the  upper  part  of  the  Mayville 
Dolostone,  and  is  Rhuddanian,  based  on  the  range  of 
Virgiana  in  Canada  (Jin  et  al.,  1993).  The  precise  position 
of  the  Rhuddanian-Aeronian  boundary  is  uncertain. 

Sequence  S3  consists  entirely  of  laminite  facies  and 
forms  the  uppermost  Byron  Dolostone  and  almost  all  of 
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FIGURE  6 — Jarmen  Road  core.  Door  County  (Hegrenes,  1996).  See 
Figure  7  for  explanation  of  symbols  in  column. 

the  overlying  Hendricks  Dolostone.  A  low-angle  trunca¬ 
tion  surface  marks  the  top  of  the  sequence  in  outcrop. 
Age  control  is  provided  by  conodonts  in  the  upper  part  of 
the  Byron  Dolostone  (a  few  meters  above  the  base  of  se¬ 
quence  S3)  that  range  upward  to  the  top  of  the  Hendricks 
Dolostone.  The  conodonts  include  Icriodella  deflecta,  I. 
discreta,  Kockelella  manitoulinensis,  Oulodus  spp.,  Ozarko- 
dina  oldhamensis,  Ozarkodina  sp.  A  and  Ozarkodina  sp.  B  of 
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FIGURE  7 — Explanation  of  symbols  in  Figure  6. 


Pollack  et.  al.  (1970),  and  Panderodus  sp.  (see  Watkins  and 
Kuglitsch,  1997).  These  taxa  represent  the  upper  part  of 
the  Icriodella  discreta-Icriodella  deflecta  Zone,  which  indi¬ 
cates  an  early  to  middle  Aeronian  Age  (Aldridge,  1972; 
Uyeno  and  Barnes,  1983). 

The  Manistique  Formation  and  the  Engadine 
Dolostone  make  up  sequences  S4  and  S5.  The  Manistique 
has  not  yielded  diagnostic  conodonts,  but  contains 
Pentamerus  oblongus  and  Pentameroides  bisinuatus  of  pos¬ 
sible  late  Aeronian  through  Telychian  Age  (Watkins, 
1994).  The  Engadine  Dolostone  contains  the  conodont 
Aulacognathus  bullatus,  which  indicates  a  Telychian  to 
possible  earliest  Sheinwoodian  Age  (Kuglitsch,  1994). 
These  data  permit  rough  age  assignments,  but  do  not 
allow  precise  location  of  the  stage  boundaries  (Figure  6). 
The  depositional  facies  and  the  benthic  assemblages  indi¬ 
cate  predominantly  shelf  conditions  (BA  2  and  3), 
although  shallowing  and  possible  exposure  is  indicated 
at  the  top  of  sequence  S4  in  the  northern  Door  Peninsula 
(Harris  and  Waldhuetter,  1996)  and  the  adjacent  Upper 
Peninsula  of  Michigan  (Johnson  and  Campbell,  1980). 

We  base  the  water  depth  curve  for  the  Door  Peninsula 
(Figure  8)  on  the  depositional  facies  and  the  benthic  assem¬ 
blages  (see  Figure  5).  The  generally  shallow  depths  (BA  1-3) 
reflect  a  geological  setting  adjacent  to  the  Wisconsin  Arch. 

WAUKESHA  County. — The  Silurian  in  Waukesha  County 
(Figure  9)  consists  mainly  of  outer-shelf  and  ramp  depos¬ 
its  (Kuglitsch,  1996;  Watkins  and  Kuglitsch,  1997).  The 
water-depth  curve  for  this  area  (Figure  8)  is  based  largely 
on  benthic  assemblages.  These  assemblages  indicate 
greater  water  depths  than  in  the  Door  Peninsula,  and  are 
consistent  with  a  more  basinal  setting. 
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Locality:  Door  Peninsula,  Wisconsin  Locality:  Waukesha  County,  Wisconsin 

adjacent  to  Wisconsin  Arch  margin  of  Michigan  Basin 


FIGURE  8 — Water-depth  curves  for  Door  Peninsula  (Figure  6)  and  Waukesha  County  (Figure  9)  sections.  Abbreviations:  m,  mudstone;  w, 
wackestone;  p,  packstone;  g,  grainstone.  Depth  curve  keyed  to  Benthic  Assemblages  1-6  of  Boucot  (1975);  exposure  surfaces  logged  as  BA  0. 


Bioturbated  wackestone  of  the  Mayville  Dolostone 
contains  a  BA  3  fauna  of  crinozoans,  corals,  and  brachio- 
pods.  The  Mayville  is  assumed  to  be  Rhuddanian,  but 
Virgiana  is  not  present,  and  recovered  conodonts  consist 
only  of  panderodid  fragments.  The  base  of  sequence  1  is 
the  unconformable  contact  of  the  Mayville  with  shale  of 
the  underlying  Maquoketa  Formation;  the  base  of  se¬ 
quence  2  has  not  been  observed. 

The  Mayville  is  overlain  by  a  thin  unit  of  mudstone 
referred  to  the  undifferentiated  Burnt  Bluff  Group 
(Watkins  and  Kuglitsch,  1997).  This  unit  occurs  through¬ 
out  southeast  Wisconsin,  and  has  been  previously  called 


the  Byron  Formation  (Rovey,  1990)  and  the  "Plaines/ 
Byron"  (Kluessendorf  and  Mikulic,  1996).  The  undiffer¬ 
entiated  Burnt  Bluff  Group  consists  of  intensely  bio¬ 
turbated  mudstone  with  rare  distal  tempestites  and  one 
thin  spiculite  bed.  It  contains  a  BA  4-5  fauna  dominated 
by  small  crinozoan  ossicles  and  21  types  of  siliceous  and 
silicified  sponge  spicules  that  represent  hexactinellids, 
lithistids,  and  heteractinids.  Also  present  are  at  least  65 
species  of  small  corals,  bryozoans,  brachiopods,  rostro- 
conchs,  gastropods,  bivalves,  machaeridians,  annelids, 
cornulitids,  ostracods,  trilobites,  echinoids,  and  possible 
holothuroids  (Watkins  and  Kuglitsch,  1997).  The  contact 
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of  the  undifferentiated  Burnt  Bluff  and  the  Mayville  rep¬ 
resents  a  deepening  event  that  is  correlated  with  the  base 
of  sequence  3  in  Door  County.  In  Waukesha  County,  the 
Burnt  Bluff  Group  contains  conodonts  of  the  upper  part 
of  the  Distomodus  kentuckyensis  Zone  and  the  lower 
Aspelundia  fluegeli  Zone  of  Armstrong  (1990);  this  indi¬ 
cates  an  early  to  middle  Aeronian  Age  (Kuglitsch,  1996; 
Watkins  and  Kuglitsch,  1997). 

The  Burnt  Bluff  is  conformably  overlain  by  a  unit 
of  bioturbated  mudstone  with  common  chert-replaced 
Thalassinoides.  This  cherty  unit  has  been  called  the 
"Franklin  Member"  of  the  Manistique  Formation 
(Rovey,  1990)  and  the  "Schoolcraft  Dolomite"  (Klues- 
sendorf  and  Mikulic,  1996).  Aside  from  its  chert  content, 
the  unit  is  not  lithologically  similar  to  the  Schoolcraft  of 
Door  County,  and  we  refer  to  it  simply  as  the 
Manistique  Formation.  The  Manistique  of  Waukesha 
County  contains  the  same  diverse  BA  4-5  fauna  as  the 
underlying  Burnt  Bluff  Group  (Watkins  and  Kuglitsch, 
1997).  Conodonts  are  rare,  and  recovered  taxa  (Figure  9) 
are  not  diagnostic  of  age.  The  base  of  sequence  4  has  not 
been  recognized. 

In  the  section  in  the  Lannon-Sussex  area  (Figure  9), 
the  Manistique  Formation  is  disconformably  overlain  by 
the  Waukesha  Formation,  and  the  contact  of  these  units  is 
an  erosional  surface  at  the  base  of  sequence  5.  Eight  km  to 
the  south  at  the  Waukesha  Lime  and  Stone  Company 
quarry,  this  same  erosional  surface  is  overlain  by  a  unit  of 
argillaceous  dolostone  known  as  the  Brandon  Bridge  For¬ 
mation  (Kluessendorf  and  Mikulic,  1996).  The  Brandon 
Bridge,  which  pinches  out  south  of  the  study  area,  con¬ 
tains  conodonts  of  the  Pterosphathodus  celloni  Zone  and 
the  lower  part  of  the  Pterospathodus  amorphognathoides 
Zone,  and  is  Telychian  (Watkins  et  al.,  1994;  Kleffner, 
1995).  Kluessendorf  and  Mikulic  (1996)  interpreted  the 
erosional  surface  beneath  the  Brandon  Bridge  Formation 
to  mark  the  position  of  a  significant  hiatus.  Flowever, 
they  presented  no  data  on  the  precise  age  of  the  underly¬ 
ing  Manistique.  While  we  accept  this  surface  as  a  se¬ 
quence  boundary,  we  do  not  believe  that  a  temporal  gap 
of  conodont-zone  magnitude  is  present. 


FIGURE  9 — (opposite)  Ranges  of  selected  conodonts  in  Lannon-Sussex 
composite  section,  Waukesha  County  (Kuglitsch,  1996).  Omitted  are 
Panderodus  sp.  (present  in  almost  every  sample),  Distomodus  stenolophata 
(single  occurrence  in  Burnt  Bluff),  Aspelundia  petila  (small  number  of 
elements  in  Burnt  Bluff),  and  Distomodus  sp.  (single  occurrence  in  the 
upper  Waukesha).  Samples  indicated  by  small  triangles  between  the 
graphic  log  and  the  Dunham  texture  log.  See  text  for  discussion  of 
assignment  of  faunal  zones.  Sub-Waukesha-Brandon  Bridge 
disconformity  shown  in  graphic  log  by  thick  line  at  Manistique- 
Waukesha  contact. 


In  the  Lannon-Sussex  area,  the  Waukesha  Forma¬ 
tion  above  the  base  of  sequence  5  is  dominated  by  mud¬ 
stone  and  wackestone  with  a  sparse,  probable  BA  4  fauna 
of  crinozoans,  brachiopods,  and  bryozoans  (Kuglitsch, 
1996).  We  correlate  this  part  of  the  Waukesha  with  the 
Brandon  Bridge  Formation  to  the  south  (Figure  3).  The 
absence  in  the  Lannon-Sussex  area  of  conodonts  diag¬ 
nostic  of  the  Pterosphathodus  celloni  Zone  and  the  lower 
part  of  the  Pterospathodus  amorphognathoides  Zone  may  re¬ 
flect  a  inadequate  sampling  and  low  conodont  yields  (0.2 
elements  per  kg  of  sample). 

The  upper  part  of  the  Waukesha  Formation  in  the 
Lannon-Sussex  area  is  characterized  by  crinozoan 
wackestones,  although  minor  mudstones  and  packstones 
are  also  present.  These  beds,  which  locally  exhibit  large- 
scale,  low-angle  cross-stratification,  also  contain  corals, 
stromatoporoids,  brachiopods  (including  unidentified 
pentamerids),  and  mollusks  that  represent  a  BA  3  fauna. 
The  upper  part  of  the  Waukesha  contains  early  Shein- 
woodian  conodonts  that  are  tentatively  assigned  to  the 
uppermost  Pterospathodus  amorphognathoides  Zone  and 
Kockelella  ranuliformis  Zone  (Figure  9).  This  is  consistent 
with  the  highest  occurrence  of  P.  amorphognathoides 
within  the  basal  1.5  m  of  the  Waukesha  Formation  above 
the  Brandon  Bridge  Formation  at  the  Waukesha  Lime  and 
Stone  Company  quarry  to  the  south  (Kleffner,  1995).  The 
recovery  of  a  Distomodus  Pa  element  (probably  D. 
staurognathoides )  from  crinozoan  wackestone  at  Sussex 
supports  assignment  to  the  Pterospathodus  amorpho¬ 
gnathoides  Zone  (Kuglitsch,  1996).  The  uppermost  beds  of 
the  Waukesha  Formation  are  assigned  to  the  Kockelella 
ranuliformis  Zone  because  of  the  presence  of  K.  ranuli¬ 
formis,  absence  of  Distomodus  elements,  and  their  strati¬ 
graphic  position  slightly  below  the  first  occurrence  of 
Kockelella  zvalliseri. 

The  base  of  the  overlying  Racine  Formation  is 
marked  by  a  laterally  persistent  bed  of  dense  mudstone 
that  contains  scattered  large  cephalopods  (Mikulic,  1977; 
Kuglitsch,  1996).  This  mudstone  indicates  a  deepening 
event,  and  its  lower  contact  represents  the  base  of  se¬ 
quence  6.  Above  the  cephalopod  bed  is  a  unit  of 
crinozoan  wackestone  and  packstone  with  horizontal 
stratification  defined  by  partial  sorting  of  ossicles.  This 
unit  contains  a  diverse  BA  3  fauna  dominated  by  robust 
crinoids,  the  cystoid  Caryocrinites,  platycerid  gastropods, 
and  brachiopods  (Kuchta  et  al.,  1997).  The  crinozoan  beds 
contain  conodonts  typical  of  the  Kockelella  amsdeni  Zone 
of  Barrick  and  Klapper  (1976),  which  is  equivalent  to  the 
upper  Ozarkodina  sagitta  rhenana  Zone  of  Aldridge  and 
Schonlaub  (1989).  These  beds  contain  Kockelella  zvalliseri,  a 
species  believed  to  have  originated  from  Kockelella 
ranuliformis  in  the  Sheinwoodian  (Aldridge  and  Schon¬ 
laub,  1989;  Kleffner,  1989,  1994).  The  short  stratigraphic 
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interval  between  the  first  appearance  of  K.  ivalliseri  and 
the  last  appearance  of  K.  ranuliformis  (Figure  9)  is 
assumed  to  include  the  interval  of  this  speciation  event. 

The  crinozoan  beds  are  overlain  by  a  unit  of  the 
Racine  Formation  that  consists  of  well-bedded,  bio- 
turbated  mudstone.  The  base  of  this  mudstone  unit  is  the 
base  of  sequence  7  and  marks  a  deepening  event.  The 
fauna  and  age  of  this  part  of  the  Racine  have  been  studied 
in  areas  to  the  west  and  north  of  Waukesha  County,  as 
discussed  below. 

Racine  Formation  in  Milwaukee  and  Ozaukee 
COUNTIES. — In  Milwaukee  County,  burrow-churned, 
well-bedded,  argillaceous  dolomitic  mudstone  of  the 
Racine  Formation  is  stratigraphically  equivalent  to  the 
portion  of  the  Waukesha  section  above  the  base  of 
sequence  7.  These  beds  include  an  ichnofauna  dominated 
by  Palaeophycus,  Chondrites,  Planolites,  and  locally  silici- 
fied  Thalassinoides  (Watkins,  1991;  Watkins  and  Coo- 
rough,  1997a).  Skeletal  material  in  the  mudstone  is  domi¬ 
nated  by  small  crinozoan  ossicles,  and  spicules  of 
lithistid,  hexactinellid  and  heteractinid  sponges  are  lo¬ 
cally  common  (Watkins  and  Coorough,  1997b).  Diverse 
small  brachiopods,  inclusive  of  Dicoelosia,  Skenidioides , 
Leangella  and  Resserella,  represent  BA  5  (Watkins,  1991; 
Coorough  and  Watkins,  1997).  Less  common  taxa  include 
over  50  species  of  receptaculitids,  corals,  bryozoans,  mol¬ 
luscs,  cornulitids,  annelids,  ostracods,  trilobites,  and  den¬ 
droid  graptolites.  Reefs  in  the  upper  part  of  the  Racine 
Formation  contain  a  very  diverse,  stromatoporoid-coral- 
crinozoan-dominated  fauna  (Watkins,  1993, 1997). 

In  Milwaukee  County,  the  Racine  Formation  has 
yielded  a  single  graptoloid  that  indicates  a  Wenlock  age 
no  younger  than  Homerian  (Watkins,  1991).  At  Grafton, 
Ozaukee  County,  mudstone  beds  near  the  top  of  the 
Racine  yield  Ozarkodina  sagitta  sagitta  (Kuglitsch,  1994, 
1996).  This  conodont  species  indicates  the  Ozarkodina 
sagitta  Zone  of  Walliser  (1964).  Equivalent  to  the  Ozark¬ 
odina  sagitta  sagitta  Zone  of  Aldridge  and  Schonlaub 
(1989),  this  zone  ranges  from  the  Homerian  to  earliest 
Gorstian.  The  Racine  is  overlain  by  the  Waubakee  Forma¬ 
tion,  a  laminated  mudstone  of  intertidal  and  supratidal 
origin  with  a  fauna  not  indicative  of  a  precise  age 
(Mikulic  and  Kluessendorf,  1988). 

Discussion 


Biostratigraphic  data  permit  correlation  of  the  Door  Pen¬ 
insula  and  Waukesha  County  sections  (Figures  3,  8).  A 
comparison  of  the  two  areas  indicates  that  the  exposure 
surfaces  and  shallowing-deepening  cycles  that  character¬ 
ize  sequence  boundaries  are  most  clearly  expressed  in 


updip  positions  (such  as  the  Door  Peninsula).  Both  the 
depositional  facies  and  the  benthic  assemblages  are  most 
sensitive  to  changes  in  sea-level  at  the  shallow  end  of  the 
depositional  profile.  By  contrast,  shallowing  events  are 
poorly  resolved  in  coeval  basinward  sections  (Waukesha 
County),  because  deeper  water  benthic  associations  have 
broader  depth  ranges. 

The  biostratigraphic  data  also  allow  correlation  of 
the  Wisconsin  sequences  and  sea-level  curves  to  other 
regions  in  Laurentia  (Figure  10).  Similar  Llandovery 
cycles  have  been  recognized  in  the  Michigan  Basin  (i.e., 
in  the  Upper  Peninsula  of  Michigan  (Johnson  and 
Campbell,  1980)  and  Manitoulin  Island  (Johnson,  1981), 
as  well  as  in  the  Appalachian  Basin  (Brett  et  al.,  1990a, 
1990b),  Midcontinent  (Johnson,  1975,  1996;  Ross  and 
Ross,  1996;  Witzke  and  Bunker,  1996),  Willison  Basin 
(Johnson  and  Lescinsky,  1986),  Great  Basin  (Harris  and 
Sheehan,  1996,  1998),  and  western  Canada  (Lenz,  1982). 
These  cycles  have  been  correlated  to  other  continents 
(Johnson  et  al.,  1985, 1991;  Johnson  and  McKerrow,  1991; 
Johnson,  1996;  Ross  and  Ross,  1996).  The  similarity  in 
the  sea-level  curves  in  these  areas  indicate  a  eustatic 
control  on  cyclicity.  The  middle  Rhuddanian  sea-level 
fall  is  less  widely  recognized  but  appears  in  New  York 
(Brett  et  al.,  1990a,  1990b),  the  Great  Basin  (Harris  and 
Sheehan,  1996;  this  volume),  and  Estonia  (Johnson, 
1996),  and  this  suggests  it  was  of  lesser  magnitude  than 
the  others. 

Future  revisions  of  the  Silurian  stratigraphy  of  the 
Great  Lake  region  could  make  use  of  the  eustatic  control 
on  cyclicity,  as  implied  by  Shaver  (1996).  Sequence 
stratigraphy  is  most  useful  in  shelf  settings  as  a  tool  for 
integrating  biostratigraphic,  sedimentologic,  and  paleon- 
tologic  data.  Sequence  correlations  could  assist  the  recog¬ 
nition  of  stratigraphic  equivalents  throughout  the  region. 
In  a  broader  perspective,  use  of  sedimentological  data  (as 
in  the  Door  Peninsula)  improves  the  recognition  and  cor¬ 
relation  of  Silurian  cycles. 

Conclusions 


Early  Silurian  water-depth  curves  for  eastern  Wisconsin 
can  be  derived  from  the  integration  of  depositional  facies 
and  benthic  assemblages.  Conodont  biostratigraphy  has 
clarified  correlations  and  stratigraphic  relationships 
between  the  Door  Peninsula  and  Waukesha  County 
areas.  Stratigraphic  sequences  are  readily  resolvable  in 
shallow  inner-shelf  sections  (Door  Peninsula).  In  equiva¬ 
lent  basinward  sections  (Waukesha  County),  the  se¬ 
quences  are  not  clearly  recognizable,  because  facies 
changes  do  not  closely  reflect  changes  in  water  depth. 
The  eastern  Wisconsin  sequences  are  correlative  with 
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Iowa  Door  Peninsula,  Great  Basin  Estonia  Worldwide  composites 

Johnson,  Witzke  and  Bunker,  Wisconsin  Harris  and  Sheehan,  Johnson,  Johnson,  Ross  and  Ross, 


FIGURE  10 — Comparison  of  Early  Silurian  sea-level  curves  for  Iowa,  the  Door  Peninsula,  the  Great  Basin,  and  Baltica  with  global 
composite  of  Johnson  (1996)  and  Ross  and  Ross  (1996).  Dashed  lines  show  approximate  position  of  sequence  boundaries  recognized  in 
Door  Peninsula.  Sea-level  curves  for  Iowa,  Wisconsin,  and  Estonia  are  tied  to  benthic  assemblages,  but  Great  Basin  and  Ross  and  Ross 
(1991)  curves  are  in  meters.  Johnson  intentionally  did  not  label  depth  zones  in  his  global  composite. 


those  identified  elsewhere,  and  this  suggests  a  strong 
eustatic  control  on  their  development. 
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ABSTRACT — The  Silurian  succession  of  the  eastern  Great 
Basin  includes  six  Lower  Silurian  (Llandovery-Wenlock)  se¬ 
quences  that  are  preserved  in  shelf,  shelf  margin,  and  basinal 
areas.  The  sequence  ages  are  early  Rhuddanian,  late  Rhud- 
danian-earliest  Aeronian,  Aeronian,  late  Aeronian-early  Tely- 
chian,  late  Telychian-early  Sheinwoodian,  and  Sheimooodian. 
The  lower  three  sequences  accumulated  on  a  westward-dipping 
carbonate  ramp  that  steepened  in  the  latest  Aeronian  into  a 
westivard-prograding,  rimmed  shelf  that  persisted  into  the 
Early  Devonian. 

Detailed  measured  sections  that  incorporate  sedimen- 
tological  and  paleontological  data  allow  the  estimation  of 
water  depth  curves  for  individual  sections  along  shelf-to- 
basin  transects.  Along  these  transects,  maximum  flooding 
intervals  establish  the  maximum  shelf  water  depths  and  aid 
in  restoration  of  paleotopographic  profiles.  The  downdip  ex¬ 
tent  of  exposure  surfaces  and  loiostand  facies  reflect  the 
magnitude  of  sea-level  falls.  These  factors  delineate  an  Early 
Silurian  sea-level  curve  for  the  Great  Basin  region.  The 
sea-level  cycles  are  similar  to  those  identified  elsewhere,  and 
suggest  strong  eustatic  control,  although  the  middle 
Rhuddanian  sequence  boundary  has  been  less  commonly 
recognized  in  other  areas.  Shelf  facies  indicate  that  the  maxi¬ 
mum  Silurian  transgression  occurred  in  the  late  Telychian, 
as  suggested  in  earlier  reports. 


Introduction 


Lower  Silurian  (Llandovery-Wenlock)  carbonates  of  the 
eastern  Great  Basin  consist  of  a  succession  of  six  strati¬ 
graphic  sequences  that  can  be  correlated  regionally.  Sedi- 
mentological  and  paleontological  data  allow  calibra¬ 
tion  of  water  depth  curves  for  individual  sections.  Two 
representative  shelf  sections  are  illustrated  herein.  A  gen¬ 
eral  sea-level  curve  can  be  derived  by  comparing  water 
depth  curves  across  transects  from  inner  shelf  to  slope 
sections. 


Geological  Setting  and  Data  Base 

The  Silurian  strata  of  the  Great  Basin  accumulated  along 
the  western  margin  of  Laurentia  (Figure  1)  and  are  pre¬ 
served  between  the  Sonoma  (Permian-Triassic)  and 
Sevier  (Cretaceous)  deformed  belts  (Figure  2)  (Sheehan 
and  Boucot,  1991;  Poole  et  al.  1992).  The  Silurian  shelf 
margin  trends  roughly  north-south  (present  orientation), 
although  it  swings  east-west  north  of  the  Tooele  Arch,  a 
Paleozoic  basement  feature  that  divides  the  shelf  into  a 
northern  Tristate  Basin  and  a  southern  Ibex  Basin  (Figure 
3)  (Webb,  1958;  Sheehan,  1980;  Budge  and  Sheehan, 
1980a;  Hintze,  1982;  Poole  et  al.,  1992). 

A  west-dipping  carbonate  ramp  persisted  from  Late 
Ordovician  through  the  middle  Llandovery  (Carpenter  et 
al.,  1986).  Llandovery  (late  Aeronian)  tectonic  collapse, 
probably  due  to  basement  faulting,  converted  the  ramp 
into  a  rimmed  margin  that  continued  into  the  Early  De¬ 
vonian  (Johnson  and  Potter,  1975;  Hurst  et  al.,  1985;  Hurst 
and  Sheehan,  1985;  Carpenter  et  al.,  1985). 


30°N 


Equator 


30°S 


FIGURE  1 — Early  Silurian  (Llandovery)  continental  positions.  Location 
of  Figure  2  indicated.  Modified  from  Scotese  and  McKerrow  (1990). 
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FIGURE  2 — Distribution  of  Silurian-Lower  Devonian  strata  in  the 
western  USA;  figure  ignores  Middle  Paleozoic  roof  pendents  in 
California.  Location  of  Figure  3  indicated.  Modified  from  Poole  et  al. 
(1992). 

This  report  focuses  on  Llandovery-Wenlock  strata 
(Figure  4)  and  is  based  upon  twelve  measured  sections 
(Figure  3).  These  localities  are  supplemented  by  less- 
detailed  sections,  faunal  collections,  and  personal  observa¬ 
tions  at  several  dozen  additional  localities.  Two  sections 
(Barn  Hills  and  Lakeside  Mountains)  are  used  to  illustrate 
water  depth  changes  in  shelf  areas  (Ibex  and  Tristate  Ba¬ 
sins).  The  regional  sea-level  curve  is  based  upon  the  entire 
set  of  detailed  sections. 

Depositional  Facies 


The  studied  sections  are  distributed  across  inner  shelf  to 
deep  ramp /slope  environments.  Shelf  facies  are  similar 
throughout  the  Silurian  (Sheehan,  1990;  Harris  and 
Sheehan,  1996),  but  to  the  west,  facies  reflect  the  shift  in 
the  depositional  profile  from  the  early-middle  Llan¬ 
dovery  ramp  to  the  overlying  late  Llandovery-Early  De¬ 
vonian  rimmed  margin  (Figure  5)  (Winterer  and  Murphy, 
1960;  Johnson  and  Potter,  1975;  Matti  et  al.,  1975;  Matti 
and  McKee,  1977;  Nichols  and  Silberling,  1977;  Cook, 


FIGURE  3 — Generalized  Early  Silurian  paleogeography  of  the  Great 
Basin.  Locations  of  detailed  measured  sections  are  shown.  Barn  Hills 
(BH)  and  Lakeside  Mountains  (LM)  sections  portrayed  in  Figure  8  are 
represented  by  solid  circle.  Other  localities  (open  circles):  Copenhagen 
Canyon  (CC),  East  Tintics  (ET),  Hot  Creek  Range  (HC),  Lone  Mountain 
(LO),  Pancake  Range  (PR),  Silver  Island  Range  (SI),  Southern  Egan 
Range  (SE),  Spors  Mountains  (SM),  Toano  Range  (TR),  and  Tony  Grove 
Lake  (TG).  Positions  of  transects  used  to  estimate  sea-level  curve 
(Figure  4)  indicated  by  thin  east-west  trending  lines.  See  Budge  and 
Sheehan  (1980a,  1980b)  and  Carpenter  et  al.  (1986)  for  section  locations 
and  data  on  additional  localities. 


1984;  Hurst  and  Sheehan,  1985;  Sheehan,  1986).  Murphy 
et  al.  (1979)  suggested  that  an  erosive  unconformity  oc¬ 
curs  between  the  latest  ramp  deposits  (Hanson  Creek 
Dolostone)  and  the  overlying  slope  strata  (Roberts  Moun¬ 
tains  Formation).  However,  we  interpret  the  facies 
changes  and  biostratigraphic  gaps  at  the  contact  by  frac¬ 
turing,  slumping,  erosion,  and  sediment  redeposition  as¬ 
sociated  with  downdropping  of  the  shelf  along  basement 
faults  (Hurst  et  al.,  1985;  Carpenter  et  al.,  1986). 

Silurian  strata  consist  of  five  facies,  each  of  which 
corresponds  to  a  specific  depositional  environment  (Fig¬ 
ure  5).  Shelf  sections  include  laminite,  cross-bedded,  and 
bioturbated  facies  (Harris  and  Sheehan,  1996).  The 
laminite  facies  (tidal  flats)  is  characterized  by  laminite- 
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&  Sequences 


Lithostratigraphy 
Slope  Margin  Shelf 
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Profile 


FIGURE  4 — Stratigraphic  summary  of  the  Silurian  of  the  eastern  Great  Basin.  Relative  sea-level  curve  derived  from 
the  method  shown  in  Figure  10.  Magnitude  of  sea-level  fall  at  the  beginning  of  the  Hirnantian  is  ca.  100  m. 
Abbreviations  for  Llandovery  stages:  Rhud.,  Rhuddanian;  Aeron.,  Aeronian. 

capped  cycles.  The  cross-bedded  facies  (subtidal  shoals) 
is  marked  by  coarsening-upward  and  shallowing- 
upward  cycles  capped  by  cross-bedded  oolitic  or 
oncoidal  grainstone.  The  bioturbated  facies  (subtidal 
shelf  and  ramp)  contains  abundant  burrows  with  scat¬ 
tered  storm  beds;  textures  range  from  grain-supported  to 
mud-supported,  and  reflect  varied  energy  levels. 

Deeper  water  settings  are  represented  by  bio¬ 
turbated,  bedded,  and  basinal  facies.  The  bioturbated 
facies  is  a  mud-supported  lithology  that  typifies  deep 
ramp  settings.  The  bedded  facies  is  characterized  by 
turbidities  and  other  redeposited  sediments  representa¬ 
tive  of  a  slope  environment  (Hurst  and  Sheehan,  1985). 

The  basinal  facies  consists  of  laminated  shales,  siltstones, 
and  carbonate  mudstones  (Hurst  and  Sheehan,  1985). 

FIGURE  5 — Sequence-keyed  facies  models  for  ramp  margin  (1)  and 
RAMP  FACIES  (EARLY— MIDDLE  Llandovery). — Shelf  fa-  rimmed  shoal  margin  (2)  phases.  Facies  discussed  in  the  text.  Systems 
cies  (Fish  Haven,  Ely  Springs  and  lower  Laketown  tracts  abbreviations  are:  LST,  lowstand  systems  tract;  TST,  transgressive 
Dolostones)  are  dominated  by  laminite  cycles  and  systems  tract;  HST,  highstand  systems  tract. 

subtidal,  bioturbated  facies  (Figure  6)  (Sheehan,  1990; 

Harris  and  Sheehan,  1996).  Tidal  flats  prograded  from  the  (Hanson  Creek  Formation),  ramp  facies  are  progressively 
inner  shelf  shoreline  and  the  Tooele  Arch,  and  underwent  more  muddy  with  fewer  primary  physical  structures; 
complete  exposure  at  the  end  of  each  sequence.  To  the  these  features  reflect  deeper  water  conditions  above  and 
west,  shallow  ramp /outer  shelf  facies  consist  of  a  mix-  below  the  storm-wave  base.  The  most  distal  sections  are 
ture  of  oolitic  and  oncoidal,  grain-supported  shoals  and  starved-basin  mudstones  and  shales.  We  follow  Carpen- 
fossiliferous  wackestones  and  packstones.  Farther  west  ter  et  al.  (1986)  in  interpreting  the  central  Nevada  sections 


1.  Ramp  Phase:  Late  Ordovician  to  middle  Llandovery 
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j  Laminite  facies 
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Basinal  facies 
Sequence  boundary 
Karst 


Sl-2  _ _ 

SE  BH  ET 

^ - Ibex  (Intrashelf)  Basin - ► 

FIGURE  6 — Silurian  facies  across  the  Ibex  Basin.  Section  locations  (bottom)  are  illustrated  in  Figure  1.  Note  that  the  horizontal  scale  varies. 


(Lone  Mountain,  Copenhagen  Canyon)  as  middle  to  deep 
ramp  deposits,  instead  of  lagoonal  deposits  as  suggested 
by  Dunham  (1977)  and  Dunham  and  Olson  (1980). 

Ramp  facies  patterns  relate  to  depositional  se¬ 
quences  (Figure  5.1).  In  deep  to  middle  ramp  settings, 
oncoidal  shoals  mark  lowstand  systems  tracts.  In  shallow 
ramp-to-shelf  sections,  laminite  facies  occur  at  the  base  of 
the  transgressive  systems  tract  and  cap  the  highstand  sys¬ 
tems  tract,  so  that  laminite  tongues  bracket  sequence 
boundaries. 

Rimmed-margin  facies  (late  Llandovery-Wenlock).— 
Shelf  facies  are  similar  to  those  in  the  ramp  phase  and 
represent  tidal  flat  and  shallow  shelf  settings  (Figure  6) 
(Sheehan,  1990;  Harris  and  Sheehan,  1996).  Shelf  faunas 
were  adapted  for  low-energy,  soft-substrate  conditions  in 
a  broad  lagoon  behind  the  shelf  margin  (Harris  and 
Sheehan,  1997).  The  margin  (Lone  Mountain  Dolostone) 
consists  of  stacked  shoals  that  prograded  over  slope  car¬ 
bonates  (Roberts  Mountains  Formation)  (Hurst  et  al., 
1985;  Hurst  and  Sheehan,  1985).  Proximal  slope  carbon¬ 
ates  are  marked  by  slumps  and  thick  carbonate  turbid- 
ites;  distal  deposits  are  argillaceous  carbonates  with  thin 
turbidite  beds  (Matti  et  al.,  1975;  Hurst  and  Sheehan, 
1985). 


As  in  ramp  sequences,  laminite  tongues  bracket  se¬ 
quence  boundaries  in  shelf  settings  (Figure  5.2).  The 
sharply  delineated  margin-slope-basin  geometry  limited 
lateral  facies  migration  by  comparison  to  the  gentler 
ramp  profile.  Exposure  features  (karst)  allow  identifica¬ 
tion  of  sequences  in  the  margin  and  shallow  slope,  but  in 
deeper  water  environments,  differentiation  of  systems 
tracts  is  not  possible,  due  to  more  uniform  depositional 
conditions  and  slumping. 

Sequences  and  Relative 
Sea-Level  Cycles 

The  Llandovery-Wenlock  section  consists  of  six  se¬ 
quences  bounded  updip  by  exposure  surfaces  that  extend 
across  all  or  part  of  the  shelf  (Figure  6,  7).  Some  sequence 
boundaries  extend  downdip  into  middle  to  deep  ramp 
settings  as  karst  surfaces;  others  pass  into  conformable 
sections  with  shallower  facies  that  are  interpreted  as 
lowstand  deposits.  Criteria  used  to  identify  sequence 
boundaries  include  karst  surfaces,  soils,  facies  succes¬ 
sions,  cycle  stacking  patterns,  erosional  surfaces,  rede¬ 
posited  debris,  and  lowstand  shoals  (Harris  et  al.,  1995; 
Harris  and  Sheehan,  1996). 
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FIGURE  7 — Time-space  plot  for  the  Ibex  Basin  transect  to  clarify  the  sequence  stratigraphic  interpretation.  Facies  explanation  in  Figure  6.  Section 
locations  (top)  in  Figure  1.  Note  that  the  horizontal  scale  varies.  Sea-level  curve  from  Figure  4.  Ages  (in  Ma)  in  Harland  et  al.  (1990).  Section  may 
not  include  uppermost  Sheinwoodian. 


In  deeper  water  settings,  the  Silurian  overlies 
Hirnantian  (latest  Ordovician)  strata  that  are  absent  in 
shelf  settings  (Figure  4).  Quartz  sand  is  common 
(Mullens  and  Poole,  1972),  and  its  influx  is  interpreted  as 
the  result  of  the  sea-level  lowstands.  Similar  lowstand 
sands  are  widely  distributed  in  Ordovician  rocks  of 
Laurentia  (Read  and  Goldhammer,  1988;  Goldhammer  et 
al,  1993).  The  overlying  ramp  sequences  (S1-S3)  are 
largely  bioturbated  facies  with  scattered  cross-bedded 
facies  units  in  shelf  sections.  Laminite  facies  tongues  ex¬ 
tend  across  the  shelf  and  contain  karst  surfaces,  most 
notably  at  the  top  of  sequence  S2. 

The  rimmed  shelf  sequences  (S4-S6)  are  marked  by 
sharper  lateral  facies  changes  than  underlying  ramp  se¬ 
quences.  The  rimmed  shelf  sequences  consist  of  low- 
energy  shelf  (bioturbated  facies),  high-energy  shelf  rim 
(cross-bedded  facies),  and  slope  (bedded  facies)  deposits. 
Laminite  facies  tongues  are  restricted  to  the  inner  and 
middle  shelves. 

Available  macrofaunal  (Berry  and  Murphy,  1975; 
Harris  and  Sheehan,  1997;  Sheehan  and  Harris,  In  press) 
and  microfaunal  (Ross  et  al.,  1979;  Murphy,  1989; 
Kleffner,  1995;  Finney  et  al.,  1995)  data  indicate  that  the 
sequences  are  correlative  across  the  region.  We  should 
note  that  we  have  been  able  to  better  date  the  lowest  two 
Silurian  sequences  since  our  earlier  report  (Harris  and 
Sheehan,  1996). 


Changes  in  relative  sea-level  are  well-developed  in 
middle  shelf  locations  within  the  intra-shelf  basins,  as  il¬ 
lustrated  by  the  Barn  Hills  (Ibex  Basin)  and  Lakeside 
Mountains  (Tristate  Basin)  sections  (Figure  8).  The  depth 
curves  for  these  sections  are  keyed  to  benthic  faunal  as¬ 
semblages  to  follow  the  scheme  adopted  by  Johnson 
(1996,  and  references  therein).  However,  we  have  based 
our  curves  upon  depositional  facies  and  benthic  faunal 
assemblages  (Figure  9).  Environmental  factors  such  as 
wave  energy  and  restricted  circulation  influenced  both 
categories  of  features  (Brett  et  al.,  1993).  For  example,  we 
equate  the  laminite  facies  with  benthic  assemblage  1,  and 
the  cross-bedded  facies  with  benthic  assemblage  3.  The 
bioturbated  facies  is  more  variable,  because  it  occurs  in 
both  restricted  shelf  settings  (benthic  assemblage  2)  or 
below  wave  base  (benthic  assemblage  4  and  5).  The  addi¬ 
tion  of  sedimentological  criteria  allows  extension  of  the 
water  depth  model  to  intervals  with  poor  fossil  recovery, 
and  thus  permits  construction  of  a  continuous  water 
depth  curve  (Figure  8). 

The  assignment  of  water  depths  to  Silurian  benthic 
assemblages  is  problematic  and  we  suggest  using  a  slight 
modification  of  the  water  depth  estimates  proposed  by 
Brett  et  al.  (1993).  We  used  their  deeper  depth  estimates 
for  the  oceanic  margin  and  their  shallower  estimates  for 
inner  shelf  and  middle  shelf  sections  (Figure  9).  The  wa¬ 
ter  depth  range  of  benthic  assemblage  2  is  constrained  by 
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FIGURE  8 — (above)  Depth  curves  for  the  Barn  Hills  and  Lakeside 
Mountain  sections.  Detailed  section  summaries  for  both  sections  in 
Harris  and  Sheehan  (1996).  Contact  between  Gettel  and  Jack  Valley 
Members  revised  from  Budge  and  Sheehan  (1980b)  and  Harris  and 
Sheehan  (1996),  and  follows  Harris  and  Sheehan  (1997).  Abbreviations: 
m,  mudstone;  w,  wackestone;  p,  packstone;  g,  grainstone. 

FIGURE  9 — (right)  Model  for  water  depth  assignments  from  facies  and 
benthic  associations,  modified  from  Brett  et  al.  (1993).  See  text  for 
discussion. 
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Water  depth  (m)  Distance  =  100s  of  km 

FIGURE  10 — Model  to  estimate  relative  sea-level  changes.  1,  Idealized  ramp  facies  model  keyed  to  benthic  associations  1-5  with  lowstand  (LST), 
transgressive  (TST)  and  highstand  (HST)  systems  tracts  labeled.  Positions  of  hypothetical  sections  A-D  are  marked.  Note  that  the  horizontal  scale 
is  several  hundred  km.  2,  Water  depth  curves  for  sections  A-D  drawn  through  midpoints  of  depth  ranges  (Figure  9).  Sections  A-C  were  exposed 
during  LST  deposition;  upper  sequence  boundary  marked  by  exposure  at  sections  A  and  B.  3,  Depth  profile  along  MFS  with  approximate 
positions  of  the  downdip  exposure  limits  on  SB  1  and  SB  2  indicated.  Water  depth  curve  derived  from  limits  on  maximum  rise  (MFS  facies)  and 
maximum  fall  (LST  facies  and  SB  exposure). 


its  occurrence  in  restricted  shelf  settings.  We  infer  a  depth 
below  that  assigned  to  tidal  flats  (i.e.,  less  than  3  m),  and 
a  maximum  depth  of  perhaps  20  m  to  reflect  the 
intertonguing  with  tidal  systems  in  innermost  shelf  set¬ 
tings.  One  drawback  of  the  use  of  benthic  assemblages 
for  estimating  water  depths  is  that  they  are  not  linearly 
distributed  in  depth  (i.e.,  the  base  of  benthic  assemblage  5 
is  not  five  times  the  depth  of  the  base  of  benthic  assem¬ 
blage  1).  The  scale  does,  however,  reflect  the  greater  sen¬ 
sitivity  of  shallow  environments  to  small  changes  in 
water  depth  (Brett  et  al.,  1993).  Consequently,  any  single 
section  provides  the  most  precise  information  on  depth 
changes  in  the  range  of  benthic  assemblages  1M.  A  sec¬ 
ond  limitation  is  that  benthic  assemblages  reflect  more 
parameters  than  absolute  water  depth.  For  example, 
variations  in  water  depth  interpretations  for  different 
benthic  assemblages  (Brett  et  al.,  1993)  may  relate  to  vari¬ 
able  depths  of  wave  base. 

Interpretation  of  sea-level  changes  can  be  improved 
by  comparing  the  water  depth  curves  along  shelf-to- 
basin  transects  (Figure  3).  The  basic  approach  can  be 
illustrated  by  using  the  facies  model  for  a  ramp  sequence 
(Figure  10.1).  In  any  single  section,  the  succession  of 
facies  and  benthic  assemblages  defines  a  water  depth 


curve,  as  illustrated  for  the  Barn  Hills  and  Lakeside 
Mountains  sections  (Figure  8).  Using  the  estimated  water 
depths  (Figure  9),  these  curves  can  be  transformed  into 
more  quantified  curves  (in  this  example.  Figure  10.2  illus¬ 
trates  water  depth  curves  at  the  locations  of  sections  A- 
D).  The  caveat  is  that  during  lowstand  intervals,  exposed 
sections  (sections  A  and  B)  provide  no  data  on  the  extent 
of  a  sea-level  drop. 

The  sequence  interpretation  provides  two  addi¬ 
tional  time  lines  per  sequence  that  correspond  to  maxi¬ 
mum  shelf  inundation  (maximum  flooding  surfaces  or 
MFS)  and  maximum  exposure  (sequence  boundaries  or 
SB).  The  MFS  provides  a  time  line  that  allows  the  estima¬ 
tion  of  relative  water  depths  across  the  shelf,  and  thus  a 
reconstruction  of  the  depositional  profile  (Figure  10.3). 
Water  depth  estimates  for  deeper  water  environments  are 
less  precise  than  those  for  shelf  sections,  as  reflected  by 
the  larger  depth  ranges  indicated  in  Figure  10.3.  The  MFS 
also  defines  the  maximum  flooding  of  the  shelf,  and  pro¬ 
vides  an  estimate  of  the  maximum  shelf  water  depth. 

The  extent  of  downdip  exposure  features  and 
depth-dependent  lowstand  facies  along  a  sequence 
boundary  (SB)  constrains  the  extent  of  sea-level  fall.  The 
profile  reconstructed  along  the  MFS  provides  a  template 
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Midcontinent  U.S.A.  Great  Basin  U.S.A.  Baltica  Worldwide 

Iowa  Wisconsin  Barn  Hills  Great  Basin  Estonia  composite 


FIGURE  11 — Comparison  of  Early  Silurian  sea-level  curves  for  the  midcontinent  United  States,  the  Great  Basin,  and  Baltica  with  global  composite 
of  Johnson  (1996).  Note  that  Iowa,  Wisconsin,  Barn  Hills,  and  Estonia  sections  are  tied  to  benthic  associations,  but  Great  Basin  composite  is  in 
meters;  Johnson  (1996)  did  not  label  the  zones  in  his  global  composite. 


on  which  to  plot  exposure  features  and  depth-related 
lowstand  features.  The  occurrence  downdip  of  lowstand 
oncoidal  shoals  interbedded  with  benthic  assemblage  4-5 
(Figures  6,  7)  provides  an  additional  constraint  on  the 
magnitude  of  sea-level  falls.  These  considerations  allow 
the  estimation  of  a  relative  sea-level  curve  along  a  profile 
(Figure  10.3). 

The  detailed  sections  can  be  aligned  into  three  pro¬ 
files  (Figure  3)  and  the  results  averaged  to  produce  a  re¬ 
gional  sea-level  curve  (Figure  4).  This  sea-level  curve  is 
only  a  rough  estimate  (subsidence  and  compaction  effects 
have  not  been  considered),  but  it  indicates  the  relative 
magnitude  of  Silurian  sea-level  changes  in  this  region. 
We  must  also  note  that  the  temporal  position  of  the  maxi¬ 
mum  water  depth  within  each  sequence  (Figure  4)  is  not 
well-constrained  because  the  timing  of  the  MFS  is  a  com¬ 
plex  function  of  subsidence,  eustasy,  and  sediment  accu¬ 
mulation. 

The  result  of  this  procedure  is  the  identification  of 
six  Llandovery-Wenlock  sea-level  cycles  in  the  Great  Ba¬ 
sin.  These  cycles  are  regional  in  extent,  and  their  sedi¬ 
ment  record  can  be  recognized  in  all  shelf  and  shallow 
ramp  sections  measured  to  date. 


Correlation  to  Other  Regions 

The  six  Lower  Silurian  sea-level  cycles  identified  in  the 
Great  Basin  appear  correlative  to  those  recognized  else¬ 
where  in  Laurentia  (Figure  11).  These  include  sections  in 
the  Williston  Basin  (Johnson  and  Lescinsky,  1986),  Michi¬ 
gan  Basin  (Johnson  and  Campbell,  1980;  Johnson,  1981; 
Harris  and  Waldhuetter,  1996;  Harris  et  al.,  1998),  Illinois 
Basin  (Ross  and  Ross,  1996),  Iowa  (Johnson,  1975;  Witzke 
and  Bunker,  1996),  and  Appalachian  Basin  (Brett  et  al., 
1990a,  1990b).  Similar  sea-level  cycles  are  recognized 
other  areas  outside  of  Laurentia  (Johnson  et  al.,  1985, 
1991;  Johnson  and  McKerrow,  1991;  Johnson,  1996).  The 
implication  of  this  interregional  sequence  correlation  is 
that  the  sea-level  cycles  are  of  eustatic  origin,  as  sug¬ 
gested  by  McKerrow  (1979). 

Figure  11  illustrates  this  point  by  comparing  the 
Great  Basin  sea-level  curves  (using  both  the  Barn  Hills 
section  and  the  Great  Basin  composite)  to  similar  curves 
for  the  midcontinental  United  States  (Iowa  section  by 
Johnson,  1996;  Wisconsin  section  by  Harris  et  al.,  1998) 
and  Estonia  (Johnson,  1996)  and  to  Johnson's  (1996) 
worldwide  composite.  Johnson  (1996)  also  presented 
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similar  sea-level  curves  for  Avalonia,  Bohemia, 
Cathaysia,  and  Gondwana.  The  Great  Basin  sea-level 
highstands  that  occur  in  the  late  Rhuddanian,  middle- 
late  Aeronian,  early  Telychian,  late  Telychian,  and  middle 
Sheinwoodian  are  the  same  as  those  that  Johnson  and  co¬ 
workers  (Johnson  and  McKerrow,  1991;  Johnson  et  al., 
1991;  Johnson,  1996)  recognized  and  interpreted  as  due  to 
eustasy. 

In  contrast,  the  early  Rhuddanian  sea-level  high- 
stand  is  less  widely  recognized,  although  it  may  occur  in 
the  New  York  portion  of  the  Appalachian  Basin  (Brett  et 
al,  1990a,  1990b),  the  northwestern  flank  of  the  Michigan 
Basin  (Johnson  and  Campbell,  1980;  Harris  and  Wald- 
huetter,  1996;  Harris  et  al.,  1997),  and  Estonia  (Johnson, 
1996).  We  suggest  two  possible  interpretations  of  the 
middle  Rhuddanian  sequence  boundary:  1)  if  eustatic, 
the  sea-level  drop  was  small  and  only  expressed  in  mar¬ 
ginal  marine  settings  (shallow  shelf,  tidal  flats);  or  2)  the 
relative  sea-level  fall  was  due  to  local  tectonic  activity.  We 
currently  favor  the  first  interpretation,  because  the  se¬ 
quence  boundary  appears  to  occur  in  four  regions. 

The  Llandovery-Wenlock  sea-level  curves  appear 
to  support  Johnson's  (1996)  comment  that  the  maximum 
Silurian  transgression  occurred  in  the  late  Telychian. 
Telychian  sea-levels  were  generally  high  (Figure  11),  and 
in  the  Great  Basin,  Telychian  sequences  4  and  5  are 
marked  by  low-energy  shelf  lagoons  (Gettel  Member).  A 
transgressive  maximum  in  the  late  Telychian  is  suggested 
by  the  prominence  of  mudstone  in  shelf  sections  of  se¬ 
quence  5  (Figure  8). 

Conclusions 


bix  Tower  Silurian  (Flandovery-early  Wenlock)  se¬ 
quences  can  be  correlated  throughout  the  eastern  Great 
Basin.  Water  depth  curves  for  individual  sections  may  be 
constructed  from  sedimentological  and  paleontological 
information.  Comparison  of  curves  along  shelf-to-basin 
transects  allows  estimation  of  shelf  paleotopography  and 
of  the  magnitude  of  sea-level  changes  in  the  study  area. 
Comparisons  to  other  areas  suggest  a  eustatic  control 
over  the  sea-level  cycles. 
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ABSTRACT — The  east  Siberian  Silurian  ivas  deposited  in  a 
cratonic  basin  with  facies  that  range  from  deep-water  graptolitic 
to  shallow  foreshore  and  lagoonal  with  linguloids  and  fish.  A  de¬ 
tailed  regional  stratigraphy  and  analysis  of  local  and  regional 
tectonic  and  sedimentary  cycles  allow  determination  of  bathym¬ 
etry,  submarine  relief,  and  eustasy.  Shoreline  features  were  over¬ 
lapped  by  transgressive  sediments,  and  this  allows  interpretation 
of  topography  marginal  to  the  basin  and  a  quantitative  measure¬ 
ment  of  sea-level  rise.  On  the  carbonate  margins  of  the  shalloxv 
shelf  where  rich,  benthic  faunal  assemblages  are  regularly  over¬ 
lapped  by  pelagic  assemblages,  eustatic  fluctuations  are  most 
clearly  identifiable.  The  Moyero,  Turukhansk,  and  Middendorf 
regions  are  most  representative  of  this  situation  and  allow 
creation  of  a  sea-level  curve  for  east  Siberia.  This  standard  is  sup¬ 
ported  by  local  events  that  show  the  appearance  of  pelagic  assem¬ 
blages  only  on  the  deeper  part  of  the  shallow  shelf.  The  deep-shelf 
sea-level  curve  is  less  dramatic.  It  is  recognized  only  by  the  quan¬ 
titative  characters  ofgraptolite  and  rarer  pelagic  brachiopod  and 
ostracode  faunas.  The  sea-level  record  of  the  east  Siberian  Sil¬ 
urian  includes  nine  highstands,  which  are  clearly  recognized  and 
conform  to  the  eustatic  standard.  These  highstands  are:  1)  late 
Moyerocanian  (late  Rhuddanian),  2)  late  Khaastyrian  (middle 
Aeronian),  3)  early  Agideian  (early  Telychian),  4)  late  Agideian 
(late  Telychian),  5)  early  Khakomian  (late  Sheinwoodian),  6)  late 
Tukalian  (early  Gorstian),  7)  early  Postnichian  (late  Lud- 
fordian),  and  8)  late  Postnichian  (Pridoli).  Another  early 
Moyerocanian  highstand  (la)  is  related  to  the  earliest,  most 
extensive,  and  most  rapid  Siluria?t  transgression  after  latest 
Ordovician  regression. 


Introduction 


Silurian  eustasy  was  reviewed  by  Johnson  (1996),  who 
showed  that  recognition  of  coeval  highstands  in  global 
sea-level  depends  on  the  study  of  local  sea-level  curves 


established  in  cratonic  (epeiric)  seas.  This  report  docu¬ 
ments  the  major  Silurian  highstands  recorded  in  the  east 
Siberian  epicontinental  basin  and  compares  them  to  the 
standard  eustatic  curve  proposed  by  Johnson  (1996)  for 
the  Silurian. 

The  east  Siberian  epicontinental  basin  occupied  a 
vast  area  of  not  less  than  3  million  km2  that  lies  between 
the  courses  of  the  Yenisey  and  Lena  Rivers  on  the  Sibe¬ 
rian  Platform  and  includes  the  Taymyr  Peninsula  and 
Severnaya  Zemlya  Archipelago  (Figure  1).  The  initial  task 
was  to  delineate  this  sedimentary  basin  and  develop  a 
stratigraphic  zonation  of  its  sediments  (Tesakov  et  al., 
1979,  p.  11-14,  fig.  1).  Subsequent  study  of  Silurian  se¬ 
quences  on  the  Taymyr  Peninsula  suggested  that  they 
were  most  similar  to  those  on  the  Siberian  Platform 
(Tesakov  et  al.,  1995).  Therefore,  the  border  of  the  East 
Siberian  Basin  was  extended,  and  its  boundaries  and 
stratigraphic  zonation  have  been  revised  (Figure  1).  Ad¬ 
ditional  tasks  included  the  study  of  the  history  of  sedi¬ 
mentation  in  the  East  Siberian  Basin,  its  biota,  and  its 
regional  sea-level  fluctuations.  For  this  purpose,  a  syn¬ 
thesis  of  Silurian  litho-,  bio-,  chrono-,  cyclo-  and 
seismostratigraphy  was  undertaken. 

The  litho-  and  chronostratigraphic  approach  in¬ 
cluded  bed-by-bed  descriptions  of  all  sections.  In  addi¬ 
tion,  a  more  detailed  definition  of  units  at  the  local  level 
(formations,  local  faunal  zones),  regional  level  (horizons 
[i.e.,  a  Russian  rock-unit  characterized  by  a  distinctive 
fauna  and  commonly  of  formation  or  stage  magnitude] 
and  regional  chronozones),  and  global  level  (substages 
and  global  chronozones)  and  their  corrrelation  were  un¬ 
dertaken.  Definition  of  unit  stratotypes  and  their  correla¬ 
tion  was  a  fundamental  step.  The  fundamental  units  are 
chronozones  that  are  apparent  on  various  geographic 
scales  (local,  regional,  global).  The  geochronology  of 
zonal  stratotypes  was  estimated  on  the  basis  of  two  basic 
parameters.  This  included  determination  of  stages  and 
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faunal  zones,  which  McKerrow  et  al.  (1980)  estimated  at 
approximately  500  Ka.  From  this,  an  east  Siberian  zonal 
scheme  was  proposed  (Tesakov  et  al.,  1985,  1992,  1996b; 
Tesakov,  1996).  This  was  incorporated  into  a  stratigraphic 
chart  for  east  Siberia  (Tesakov  et  al.,  1979,  1980,  1996a), 
where  local  units  are  correlated  at  the  zonal  level. 

Biostratigraphy  was  based  on  bed-by-bed  study  at 
all  sections.  This  allowed  definition  of  the  stratigraphic 
range  of  all  species  in  terms  of  a  zonal  scheme  for  differ¬ 
ent  areas  (i.e.,  structural  facies  zones)  in  the  East  Siberian 
Basin,  and  correlation  into  a  time  scale.  The  species  distri¬ 
bution  by  zone  for  the  Moyero  (Tesakov  et  al.,  1985), 
Morkoka  (Tesakov  et  al.,  1992),  and  Igarka  and  Turuk- 
hansk  (Tesakov  et  al.,  1980)  regions  are  published,  and 
that  for  the  entire  east  Siberia  region  is  in  preparation. 

This  lithofacies-biostratigraphic  synthesis  required 
definition  of  biogeocoenoses  [i.e.,  facies  associations  of 
fossil  assemblages]  (Sukachev,  1945,  1949;  Tesakov,  1978) 
based  on  the  analysis  of  lithologies  (Tesakov  et  al.,  1980) 
and  oryctocoenoses  (Efremov,  1950),  with  the  description 
of  their  structure,  sediment  type,  biocoenoses,  possible 
salinity,  proposed  wave  and  current  dynamics,  and  loca¬ 
tion  of  the  biogeocoenoses  within  the  basin  (Tesakov  et 
al,  1986).  This  allowed  an  understanding  of  potential 
models  for  lithofacies  development  through  time  and 
space  on  the  East  Siberian  Basin.  Stratigraphic  profiles 
(Tesakov  et  al.,  1979,  1985;  Tesakov,  1981)  and  sea-level 
curves  for  specific  sections  Tesakov  et  al.,  1986,  1992) 
have  been  published. 

Cyclo-seismostratigraphy  [i.e.,  seismic  stratigra¬ 
phy]  produced  seismic  records  used  to  evaluate  cyclic 
and  sequence  stratigraphy  at  surface  sections.  These 
records  were  compared  with  subsurface  logs. 

Creation  of  a  standard  sea-level  curve  for  the  East 
Siberian  Basin  by  these  techniques  led  to  problems  in 
relating  the  different  procedures.  The  first  of  these  prob¬ 
lems  concerned  the  change  in  geochronologic  scales.  Ini¬ 
tially,  Tesakov  et  al.  (1985,  1992)  and  Tesakov  (1996)  used 
the  scale  of  McKerrow  et  al.  (1980).  Subsequently,  revised 
ages  were  proposed  by  McKerrow  et  al.  (1985)  and 
Tucker  and  McKerrow  (1995).  Johnson  (1996)  used  the 
dates  of  McKerrow  et  al.  (1985)  in  his  eustatic  curve.  Sil¬ 
urian  faunal  zones  have  an  average  duration  of  approxi¬ 
mately  500  Ka  by  the  1980  scale.  However,  average  faunal 
zone  duration  is  demonstrated  to  be  quite  variable  by  the 


FIGURE  1 — (opposite)  Silurian  East  Siberian  Basin.  Sections  at  Bakhta 
River  (boreholes  BT-8,  BR-3,  LN-9),  middle  Nizhnyaya  Tunguska  River 
(boreholes  W-l,  TO-2),  Moyero  River  (section  82),  Nizhyaya  Bolshaya 
Kuonda  River  (section  174),  upper  Alakit  River  (borehole  9857),  middle 
Vilyuy  River  (sections  184,  186),  lower  Nyuya  River  (sections  147-163). 


1985  scale:  Rhuddanian  Stage,  about  300  Ka/zone; 
Aeronian,  about  400  Ka/zone;  Telychian,  about  700  Ka; 
Sheinwoodian,  about  500  Ka;  Homerian,  about  400  Ka; 
Gorstian,  over  200  Ka;  Ludfordian,  about  1.2  Ma;  and 
Pridoli,  about  400  Ka.  Thus,  it  has  been  possible  to  retain 
the  succession  of  the  earlier  scale,  while  using  the  later 
one  (Figures  2  and  3,  left  side). 

The  second  problem  involves  the  correlation  of  biotic 
zones  (Silurian  Times,  1993, 1995;  Johnson,  1996)  (Figure  2, 
columns  3-6)  and  the  chronozones  used  in  Siberia 
(Tesakov  et.  al.,  1985,  1992,  1996c;  Tesakov,  1996)  (see  Fig¬ 
ure  3,  column  3).  The  first  approach  is  based  on  biological 
feaures  not  tied  to  local  stratigraphy.  The  second  is 
founded  on  stratotypes  with  boundaries  in  specific  rock 
sequences,  and  can  always  be  tested.  Biostratigraphic 
zonations  based  on  particular  biotic  groups  cannot  be 
applied  everywhere  because  of  biofacies  constraints.  A 
chronostratigraphy  implies  the  ability  to  correlate  between 
sections,  even  those  that  lack  biological  remains.  The  prob¬ 
lem  of  correlation  between  biozones  and  chronozones 
appears  to  be  so  complicated  that  it  cannot  be  solved  in 
this  report.  Therefore,  an  attempt  is  made  here  only  to  cor¬ 
relate  Johnson's  (1996)  eustatic  curve  with  the  Silurian 
standard  curve  for  the  East  Siberian  Basin  and  to  relate  the 
chronostratigraphic  scale  to  the  appearance  of  graptolite 
and  conodont  species  (Figure  3).  The  non-coincidence  of 
the  lower  boundaries  of  zones  and  the  levels  of  occurrence 
of  important  species  is  evident  in  Figures  2  and  3.  For  ex¬ 
ample,  the  Monograptus  sedgivicki  Zone  is  confined  to  the 
middle  Aeronian  in  the  global  and  east  Siberian  faunal 
schemes.  However,  the  Monograptus  convolutus  Zone  is  in 
the  middle  Aeronian  in  the  global  standard  (Figure  2),  but 
in  the  lowest  part  of  the  stage  in  the  East  Siberia  Basin  (Fig¬ 
ure  3).  In  either  case,  the  lowest  appearence  of  the  epony¬ 
mous  species  is  a  guide  to  the  lower  Aeronian.  A  similar 
discrepancy  exists  with  the  eponymous  species  of  the 
Monograptus  bouceki  Zone,  which  appears  at  the  base  of  the 
second  Pridoli  zone  in  the  East  Siberia  Basin  (see  Figure  3, 
correlation  level  (=CL)  51,  and  Kriz,  1989,  fig.  67,  bed  106), 
rather  than  in  the  upper  part  of  the  Pridoli  in  the  global 
standard  (Figure  2,  column  4).  Similarly,  discrepancies 
may  exist  between  the  earliest  appearance  of  key  con- 
odonts  in  Siberia,  such  as  Pterospathodus  celloni  and  P. 
amorphognathoides. 

A  third  problem  involves  the  comparison  of  various 
types  of  basin  faunal  sequences  to  produce  a  standard 
sea-level  curve  for  the  East  Siberian  Basin.  This  required 
the  comparison  of  coenozones  [i.e.,  benthic  associations] 
based  on  brachiopods  (see  Ziegler,  1965;  Ziegler  et  al., 
1968;  Boucot,  1975)  that  allowed  the  construction  of  the 
standard  eustatic  curve  (Johnson,  1996)  with  facies  com¬ 
plexes  (Wilson,  1974;  Tesakov  et  al.,  1979)  and  shelf 
lithostratigraphy.  This  technique  allowed  the  creation  of 
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FIGURE  2 — (above)  Correlation  of  Silurian  graptolite-  and  conodont-based  zones. 

FIGURE  3 — (opposite)  Standard  sea-level  curve  for  Silurian  East  Siberian  Basin  and  comparison  with  global  curve.  In  columns  4  and  5,  plus  sign 
(+)  is  level  of  first  biostratigraphic  occurrence.  Some  key  conodont  species  have  their  have  occurrences  earlier  than  commonly  reported  elsewhere 
(Figure  2).  In  column  7,  dashed  curves  indicate  intervals  where  graptolite  facies  overlap  carbonates  of  the  East  Siberian  Basin. 
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Table  1 — Comparison  of  nomenclature  for  Silurian  communities  and  benthic  assemblages  of  Boucot  (1975) 
and  Johnson  (1996)  with  Siberian  depositional  setting  terminology  applied  in  this  report. 


Boucot  (1975) 

Johnson  (1996) 

This  report 

1.  Lingula  community 

Benthic  assemblage  1 

Nearshore  area 

2.  Eocoelia  community 

Benthic  assemblage  2 

Upper  shelf  (fair-weather  wave  base) 

3.  Pentamerus  community 

Benthic  assemblage  3 

Middle  shelf  (storm  wave-base) 

4.  Stricklandia  community 

Benthic  assemblage  4 

Outer  shelf 

5.  Clorinda  community 

Benthic  assemblage  5 

Outer  shelf 

6.  Graptolite  community 

Benthic  assemblage  6 

Deep  shelf 

sea-level  curves  for  the  Silurian  of  Podolia  based  on  coral 
assemblages  (Sokolov  and  Tesakov,  1984,  1986)  and  for 
the  Silurian  of  the  Moyero  and  Kuonda  River  basins 
based  on  analyses  of  benthic  biocoenoses  (Tesakov  et  al., 
1986,  1992).  The  first  attempt  at  a  global  comparison  of 
Silurian  benthic  communities  from  proximal  to  distal  set¬ 
tings  was  made  by  M.E.  Johnson  and  Yu. I.  Tesakov  in 
1993  in  Novosibirsk  (Johnson  et  al.,  1997),  and  is  summa¬ 
rized  in  Table  1. 


Sea-Level  Standard  for 
East  Siberian  Basin 


A  regional  sea-level  curve  was  based  on  analysis  of  sec¬ 
tions  iir  the  Moyero,  Turukhansk,  and  Norilsk  areas,  with 
allowances  for  local  developments  in  the  Middendorf  re¬ 
gion  and  elsewhere  in  the  East  Siberian  Basin  (Figure  4). 
This  curve  is  the  sea-level  standard  for  east  Siberia  (Fig¬ 
ure  3,  column  7).  It  can  be  compared  to  the  Silurian  stan¬ 
dard  eustatic  curve  (Johnson,  1996)  in  Figure  3,  column  6. 
Highstands  in  the  Silurian  standard  curve  (1-8)  are  indi¬ 
cated  by  arrows  in  both  columns.  Levels  that  deviate 
from  the  standard  are  lettered.  The  main  deepening 
events  of  the  East  Siberian  Basin  are:  la,  early 
Moyerocanian  (early  Rhuddinian);  1,  late  Moyerocanian 
(Rhuddinian-Aeronian  boundary);  lb,  late  Moyero¬ 
canian  (early  Aeronian);  2  middle  Khaastyrian  (middle 
Aeronian);  3,  earliest  Agideian  (early  Telychian);  3a,  late 
early  Agidean  (middle  Telychian);  4a,  late  Agidean  (late 
Telychian);  5,  early  Khakomian  (late  Sheinwoodian);  6, 
late  Tukalian  (early  Gorstian);  7a,  early  Postnichian  (late 
Ludfordian);  8a  and  8,  middle  Postnichian  (early  Pridoli). 
The  relative  magnitude  of  transgressions  are  shown  in 
Figure  3  (column  7)  where  the  major  highstands  are 
Rhuddanian,  Aeronian,  Telychian,  Gorstian,  and  early 
Pridoli.  These  levels  (dashed  lines)  show  the  appearance 
of  relatively  deep-water,  graptolitic  sediments  in  more 
proximal  areas  of  the  basin. 


HlGHSTAND  lA  (EARLY  RHUDDANIAN  [EARLY  MOYERO- 
CANIAN]). — This  rise  in  east  Siberian  sea-level  (CL  2,  3)  is 
probably  associated  with  deglaciation  during  the  latest 
Ordovician-Early  Silurian  (Beuf  et  al.,  1971;  McClure, 
1978;  Grahn  and  Caputo,  1992)  and  a  subsidence  of  the 
Siberian  paleocontinent  that  was  complicated  by  regional 
and  local  tectonic  movements  (Tesakov  et  al.,  1979; 
Tesakov,  1981).  The  early  Rhuddanian  transgression  was 
so  rapid  that  virtually  the  entire  Siberian  Platform  was 
quickly  inundated.  The  age  of  this  event  is  supported  by 
identification  of  the  graptolite  Akidograptns  acuminatus 
and  the  conodont  Oulodus  natani  from  the  base  of  the  Sil¬ 
urian  sections  in  Siberia. 

The  northwest  region  of  the  Siberian  Platform  fea¬ 
tures  a  contact  between  eroded  Ordovician  deposits  and 
overlying,  relatively  deep-water  Silurian  deposits.  The 
Ordovician  was  eroded  after  Late  Orovician  uplift 
(Tesakov,  1967).  On  the  remainder  of  the  Siberian  Plat¬ 
form  and  in  the  southern  Taymyr  Peninsula,  Ordovician 
deposits  were  eroded  and  peneplaned  after  tectonic  ac¬ 
tivity  indicated  in  some  sections  by  angular  uncon¬ 
formities  (Tesakov,  1967).  Early  Rhuddanian  sea-level  rise 
is  considered  to  be  significant  because  of  the  wide 
distributon  of  relatively  deep-water  sedimentary  rocks 
with  graptolites,  which  rest  on  Late  Ordovician  shallow 
marine  rocks  in  the  central  and  northwest  areas  of  the 
Siberian  Platform  and  the  northern  Taymyr  Peninsula. 
The  rise  in  early  Rhuddanian  sea-level  inundated  a  rug¬ 
ged  topography  that  developed  in  the  latest  Ordovician 
and  earliest  Silurian.  This  included  small  hills  on  the 
northwest  Siberian  Platform,  which  were  not  completely 
covered  by  the  lowest  Silurian  sediments.  Other  features 
include  high  islands  along  the  middle  part  of  the  Vilyuy 
River;  rocky  shores  in  the  southern  Taymyr  Peninsula 
(Tesakov  et  al.,  1995)  and  on  the  west  side  of  the  Anabar 
massif  (Johnson  et  al.,  1997);  and  gently  sloping  canyons 
formed  by  tectonic  activity  and  subaerial  erosion  at  the 
north-west  margin  of  the  Tunguska  basin  (Tesakov,  1967; 
Johnson  et  al.,  1997).  In  the  stratotype  section  located  in 
the  Moyero  River  basin  at  the  mouth  of  the  Moyerocan 
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FIGURE  4 — Silurian  stratigraphy  in  central  East  Siberian  Basin  (locations  in  Figure  1).  Abbreviations:  Ludl.,  Ludlow;  Pr.,  Pridoli;  Rhud., 
Rhuddanian;  Wenl.,  Wenlock.  Horizon  (i.e.,  regional  stages  in  Siberia)  and  subhorizons:  ag2,  lower  Agideian;  ag2,  upper  Agideian;  hkj,  lower 
Khakomian;  hk2,  upper  Khakomian;  hSj,  lower  Khaastyrian;  hs2,  upper  Khaastyrian;  mr,,  lower  Moyerocanian;  mrJ(  upper  Moyerocanian;  ps, 
Postnichian;  tkj,  lower  Tukalian;  tk2,  upper  Tukalian. 


River  (Tesakov  et  al.,  1985),  the  onset  of  early  Rhud¬ 
danian  deepening  is  recorded  by  dark  bituminous  lime¬ 
stones  with  small  phytolites  [i.e.,  ooids  and  oncoids], 
brachiopods,  and  trilobites  that  rest  on  shallow-marine, 
Ordovician  dolostone.  This  onlap  flooded  a  peneplane  on 
Ordovician  rocks  that  are  truncated  at  a  low  angle  and 
overlain  by  monotonous  Silurian  strata  (Tesakov  et  al., 
1985,  fig.  31).  The  different  depths  of  erosion  on  the  Or¬ 
dovician  and  variable  thickness  of  the  lowermost  Silurian 
shows  that  the  sea-level  rise  inundated  a  tectonically 
active  area,  which  subsided  locally  at  different  rates. 

This  sea-level  highstand  in  the  East  Siberian  stan¬ 
dard  section  is  substantiated  by  a  wedging-out  of  dark, 
graptolitic  mudstones  within  regional  chronozone  2  on 
the  upper  (inner)  part  of  the  deep  shelf,  although  they 
persist  in  regional  chronozones  1-3  on  the  lower  (outer) 
part  of  the  deep  shelf  in  the  northwest  of  the  platform. 
The  age  of  this  mudstone  is  early  Coronograptus  cyphus 
Chron.  The  eponymous  species  of  this  chron  appears  in 
the  standard  section  only  in  the  fourth  chronozone. 

Because  Silurian  deposits  on  a  large  part  of  the  Sibe¬ 
rian  Platform  consist  of  relatively  deep-water  rocks  with 
graptolites  and  lie  on  an  erosion  surface,  sea-level  during 
this  first  highstand  rose  not  less  than  50-100  m.  It  might 
be  noted  that  Silurian  sea-level  was,  on  average,  300  m 
higher  than  today  (Harland  et  al.,  1985,  fig.  5.7). 

The  initial  onlap  (Figure  2,  level  la)  is  recorded  in 
the  Siberian  standard  section  by  graptolite  assemblages 
(Metabolograptus  moyeroensis  Zone)  that  accumulated  in 
soft  argillaceous  muds.  Subsequent  regression  is  recor¬ 


ded  by  the  successive  Coronograptus  cyphus  and  Para- 
climacograptus  innotatus  Zones  that  occur  in  soft 
siliciclastic  mudstones  with  carbonate  mudstone  lenses 
(CL  3-6).  Succeeding  faunas  include  the  trilobite 
Acernaspis  superciliexcilis  on  firm  carbonate  mud  bottoms 
(CL  7),  the  brachiopod  Clorinda  undata  on  firm  carbonate 
mud  (CL  8),  and  then  the  brachiopod  Sibiritia  zviluiensis 
on  firm  argillaceous,  carbonate  mud  bottoms  (CL  9).  A 
later,  modest  highstand  with  brachiopod  ( Septatrypa 
antiquata  and  Zygospira  duboisi )  assemblages  in  firm, 
argillaceous  carbonate  mud  (CL  10,  11)  is  known. 

Highstand  1  (Rhuddanian-Aeronian  boundary 

[LATE  MOYEROCANIAN]). — This  sea-level  highstand  is  in¬ 
dicated  in  the  standard  section  by  assemblages  with  the 
brachiopod  Isorthis  neocrassa  on  calcareous,  siliciclastic 
mudstone  with  Stricklandia.  An  abundance  of  graptolites 
is  observed  through  the  basin  at  this  level.  This  highstand 
is  modest  in  magnitude  and  gradual,  because  the  change 
in  brachiopod  assemblages  and  the  increase  in  clay-size 
siliciclastic  sediment  proceeded  gradually  at  its  begin¬ 
ning  and  end.  The  following  minor  regression  (CL  13)  is 
indicated  by  assemblages  with  the  brachiopods  Zygo- 
spiraella  duboisi  and  Z.  planoconvexa  and  crinoids. 

Highstand  1b  (early  middle  Aeronian  [earliest 

KHAASTYRIAN]). — This  highstand  is  characterized  by  the 
appearance  in  the  Siberian  type  area  of  coral  assemblages 
with  Quadralites  quadratus  on  firm,  argillaceous,  carbon¬ 
ate  mud.  The  coral  bioherms  occur  on  the  middle  part  of 
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a  shallow  shelf.  Among  brachiopods,  the  highest  Borealis 
nanus  was  identified  here.  Deep-water  siliciclastic  mud¬ 
stones  are  common  through  the  basin.  The  most  dramatic 
feature  of  this  time  was  a  complete  inundation  of  the 
highest  island  in  the  central  East  Siberian  Basin  (located 
in  the  middle  part  of  the  Vilyuy  River),  as  well  as  rocky 
shorelines  of  the  southern  Gorny  Taymyr  and  western 
Anabar  region.  The  depth  of  the  water  on  the  middle 
shelf  is  indicated  by  a  shallow  pentamerid  community. 
The  graptolite-based  age  of  this  event  corresponds  to  the 
Monograptus  sedgwickii  Chron. 

Subsequent  regression  (CL  15  and  16)  is  recorded  in 
the  Siberian  stratotype  area  by  a  number  of  alternating 
biogeocoenoses  that  represent  a  very  shallow  shelf  envi¬ 
ronment.  These  include  the  corals  Calamopora  alveolaris 
and  Favosites  gothlandicus  gothlandicus  on  firm  mud  and 
Eocoelia  hemisphaerica  on  soft  argillaceous  mud. 

Highstand  2  (middle  Aeronian  [middle  Khaas- 
TYRIAN]). — This  highstand  is  easily  recognizable  in  John¬ 
son's  (1996)  curve  by  areally  extensive  assemblages  with 
Pentamerus  oblongus.  In  the  Siberian  type  area,  it  is  de¬ 
fined  by  lateral  transitions  from  biogeocoenoses  with  P. 
oblongus  that  occur  on  soft  argillaceous  mud  to  biogeo¬ 
coenoses  with  Eocoelia  hemisphaerica  that  also  occur  on 
soft  argillaceous  mud  with  lenses  of  firm  carbonate  mud. 
In  the  transition  area  between  the  carbonate  shelf  and  ba¬ 
sin  facies,  carbonate  facies  at  highstand  2  are  overlapped 
by  basinal  facies  with  particularly  diverse  graptolites. 
This  highstand  is  bracketed  by  an  acme  of  P.  oblongus  and 
the  lowest  occurrence  of  the  conodont  Pterospathodus 
celloni. 

The  ensuing  regression  (CL  19  and  20)  is  recorded  in 
the  Siberian  stratotype  area  by  the  appearance  of 
biogeocoenoses  with  Favosites  gothlandicus  gothlandicus  on 
firm  carbonate  mud,  and  subsequent  biogeocoenoses 
with  Eocoelia  hemisphaerica  on  soft  argillaceous  mud.  The 
end  of  the  regressive  cycle  (CL  20)  is  characterized  by 
geographically  extensive,  coral  biogeocoenoses  with  P. 
gothlandicus  gothlandicus  on  firm,  argillaceous-carbonate 
mud,  and  then  by  biogeocoenoses  with  P.  gothlandicus 
gothlandicus,  Parastriatopora  rhizoides,  and  P.  tchernichevi 
on  rigid  carbonate  mud  on  the  upper  part  of  the  shallow 
shelf. 

Highstand  3  (early  Telychian  [early  Agidean]).— 
This  highstand  is  recognized  in  the  east  Siberian  type 
area  by  the  appearance  of  biogeocoenoses  with  Anabaria 
rara,  Cyatherellina  oviformis,  and  Bystoioicrinus  quinquelo- 
batus  in  shallow-water  assemblages  with  Herrmannina 
moieroensis  on  firm  mud.  This  highstand  cannot  be  recog¬ 
nized  readily  in  east  Siberia.  It  is  evident  mainly  in  west 


and  northwest  areas  of  the  Siberian  Platform  and  in  the 
northern  Gorny  Taymyr,  where  this  interval  is  dominated 
by  graptolitic  basin  facies.  The  marginal  areas  of  the  East 
Siberian  Basin  become  shallower  from  this  time  on.  The 
lowest  appearance  of  the  conodont  Pterospathodus 
amorphognathoides  suggests  the  age  of  this  event. 

Subsequent  regression  in  the  east  Siberian  stratotype 
area  is  indicated  by  shallow-water  biogeocoenoses  with 
Herrmannina  moieroensis.  These  appeared  on  firm  lime 
mud  with  patches  of  rigid  mud  with  stromatolites. 

Highstand  3a  (early  middle  Telychian  [latest 
EARLY  AGIDEIAN]). — This  highstand  is  recorded  in  the 
east  Siberian  type  area  by  the  appearance  of 
biogeocoenoses  with  Cytherellina  oviformis.  These  brachio¬ 
pods  lived  on  soft  argillaceous  mud,  and  are  followed  by 
assemblages  with  Mendacella  tungussensis  that  also  oc¬ 
curred  on  soft  argillaceous  mud.  The  shallow-water  form 
Pentamerus  oblongus  appears  in  M.  tungussensis  assem¬ 
blages  on  small  carbonate  banks.  Highstand  3a  is  indi¬ 
cated  by  graptolitic  mudrocks  that  extend  onto  the  car¬ 
bonate  platform.  The  correlation  of  this  highstand  (CL  22) 
is  provided  by  the  lowest  local  appearance  of  the  con¬ 
odont  Spathognathodus  ozarkodini. 

The  subsequent  regression  (CL  23)  is  associated  in 
the  east  Siberian  type  area  by  coral  assemblages  with 
Multisolenia  tortuosa  and  Favosites  gothlandicus  moyer- 
oensis.  These  taxa  occurred  on  firm  lime  mud. 

Highstand  4  a  (middle-early  late  Telychian 
[middle  LATE  Agideian]).— This  highstand  is  indicated 
in  east  Siberia  by  the  appearance  of  assemblages  with 
Alispira  rotundata  that  lived  on  soft  argillaceous  mud 
within  shallow-water,  carbonate  shelf  sequences  with 
crinoids,  ostracodes,  deposit  feeders,  and  stromato- 
poroids.  This  highstand  features  the  youngest  Llan¬ 
dovery  graptolites  ( Streptograptus  nodifer)  on  the  Siberian 
Platform. 

Highstand  5  (middle  late  Sheinwoodian  [middle 
EARLY  KHAKOMIAN]). — This  modest  rise  in  early 
Wenlock  sea-level  is  recorded  in  the  east  Siberian 
stratotype  area  by  the  appearance  within  shallow-water 
sequenes  of  deeper-water  assemblages  with  Neobeatricea 
nikiforovae  that  lived  on  plastic  lime  mud  and  assem¬ 
blages  with  Dalejina  rybnayaensis  that  lived  on  soft  argilla¬ 
ceous  mud.  In  the  early  Sheinwoodian,  the  shallower- 
water  facies  includes  a  lower  assemblage  with  Labechia 
condensa  on  rigid  carbonate  mud,  and  in  areally  extensive 
biostromes.  Later  shallow-water  assemblages  with 
Beyrichia  miribilis  developed  on  firm,  calcareous-dolo- 
mitic  mud  with  numerous  stromatolites.  Still  higher  in 
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the  sequence,  the  highstand  assemblages  are  overlain  by 
shallow-water,  reef,  and  interbioherm  assemblages  with 
Yavorskiina  membrosa,  Bystroivicrinas  bilobatus,  Clavidictyon 
cylindricum,  Morynorhynchus  proprius,  Murchisonia 
cingulata,  and  Stelodictyon  moieroensis  in  the  uppermost 
Sheinwoodian-Homerian,  and  by  algal  buildups  in  the 
lowest  Gorstian. 

HlGHSTANDS  6  AND  6 A  (GORSTIAN  [TUKALIAN]).— The 
Gorstian  records  a  minor  sea-level  rise  and  frequent  fluc¬ 
tuations  in  east  Siberia.  In  the  Turukhansk  stratotype 
area,  this  event  is  recorded  by  the  appearance  of  assem¬ 
blages  with  Hyattidina  acutisummatatus  (in  CL  39  and  41), 
Beyrichia  quadricornuta  (CL  43),  and  Parastriatoporci  kurei- 
kiana  (CL  46)  in  typical  algal  buildup  assemblages  in  a 
lagoonal  lithofacies.  These  highstands  record  the  last  ap¬ 
pearance  of  graptoloids  on  the  Siberian  Platform  in  the 
Norilsk  region  during  CL  43. 

Highstands  8  and  8a  (early  Pridoli  [middle 
POSTNICHIAN]). — Two  modest  rises  in  east  Siberian  sea- 
level  (CL  50  and  52)  are  recorded  in  the  Norilsk 
stratotype  area.  The  rises  are  indicated,  as  earlier  in  the 
Ludfordian,  by  the  appearance  of  algal  buildups  in  gyp- 
sum-dolostone-marl  lithofacies.  In  the  area  north  of  the 
Gorny  Taymyr,  a  single  highstand  is  defined  by  the  sharp 
transition  from  underlying  shallow-shelf  carbonates  into 
relatively  deep-water,  graptolitic  mudstones  that  were 
deposited  as  soft  argillaceous  mud. 

Discussion 


The  regional  sea-level  standard  for  the  Silurian  of  east 
Siberia  offered  here  matches  fairly  well  with  the  global 
standard  for  Silurian  eustasy  proposed  by  Johnson 
(1996).  If  we  consider  these  curves  against  the  back¬ 
ground  of  biozones  (Figure  2,  columns  3-6;  Figure  3,  col¬ 
umns  4,  5)  rather  than  stages,  substages,  and  global 
chronozones  (Figure  3,  column  3),  then  these  events  show 
significant  variation  in  timing.  One  of  the  principal  inter¬ 
vals  with  pentamerid  brachipods  (Figure  3,  level  2),  for 
example,  corresponds  to  the  middle  parts  of  the 
Monograptus  sedgwickii  and  Distomodus  staurognathoides 
Zones.  It  also  should  be  noted  that  the  Pterospathodus 
celloni  and  P.  amorphognathoides  Zones  are  interpreted  to 
be  earlier  in  Siberia  than  elsewhere.  Some  of  the  available 
Siberian  graptolite  and  conodont  data  are  in  conflict.  For 
example,  P.  amorphognathoides,  which  is  normally  consid¬ 
ered  to  be  upper  Telychian,  makes  its  first  appearance  in 
Siberia  in  the  lower  Telychian  at  the  level  of  the 
Monograptus  turriculatus  Zone.  Based  on  the  conodont 


data  alone,  many  of  the  Llandovery  highstands  in  Sibe¬ 
rian  sea-level  (Figure  3,  column  7)  would  normally  be 
adjusted  upward  in  position  by  one  cycle.  It  is  conceiv¬ 
able  that  the  correlation  between  the  east  Siberian  scheme 
and  the  global  scheme  is  incorrect,  and  as  a  result  many 
zonally  important  index  species  are  recorded  at  lower 
levels  than  in  the  standard  scheme  of  correlation  (Figure 
2,  columns  3-6).  This  problem  requires  further  study,  but 
emphasizes  once  again  that  correlation  of  species'  ap¬ 
pearances  should  be  defined  with  respect  to  global 
chronozones. 

Conclusions 


The  East  Siberian  Basin  is  located  on  the  Siberian  Plat¬ 
form,  the  Taymyr  fold  beld,  and  the  Severnaya  Zemyla 
Archipelago.  The  Silurian  depositional  record  includes 
deep-shelf  siliciclastics  in  the  northwest  part  of  the  basin, 
shallow-shelf  carbonates  in  the  central  area,  and  shallow- 
shelf  siliciclastics  at  the  southeast  margin.  Silurian  depo¬ 
sition  featured  onlap-offlap  cycles  that  began  with  a  ma¬ 
jor,  earliest  Silurian  transgression.  In  the  Late  Silurian, 
virtually  the  entire  basin  featured  restricted  marine  con¬ 
ditions.  Fluctuations  in  sea-level  are  more  clearly  recog¬ 
nizable  in  the  central  carbonate  area,  where  shallow-shelf 
facies  were  overlapped  by  deeper-water  facies.  The 
following  regions  were  chosen  for  construction  of  a  stan¬ 
dard  sea-level  curve  for  east  Siberia:  Moyero  (Llan- 
dovery-Wenlock),  Turukhansk  (Ludlow),  and  Norilsk 
and  Middendorf  (Pridoli).  In  the  deeper  part  of  the  basin, 
highstand-lowstand  fluctuations  can  be  recognized  only 
on  the  basis  of  increased  carbonate  content  and  more  di¬ 
verse  faunas  at  lowstands.  On  the  shelf,  lowstands  corre¬ 
spond  to  gaps  in  the  sedimentary  rock  record. 

In  east  Siberia,  nine  major  highstands  in  sea-level 
are  recognized.  The  first  is  early  Rhuddanian.  The  second 
is  early  Aeronian,  and  the  third  is  associated  with  a 
middle  Aeronian  acme  in  pentamerids.  The  fourth 
through  sixth  are  early  and  late  Telychian  and  Shein- 
woodian,  respectively.  The  seventh  (Gorstian)  features  a 
number  of  changes  in  relative  sea-level,  and  the  eighth 
(Ludfordian)  features  only  a  modest  rise  in  sea-level.  The 
ninth  is  clearly  recognizable  only  on  the  Taymyr  Penin¬ 
sula  and  is  early  Pridoli.  All  of  these  highstands  match 
Johnson's  (1996)  standard  Silurian  eustatic  curve.  The 
somewhat  younger  or  older  ages  of  highstand  in  east 
Siberia,  by  comparison  with  the  standard  curve,  are  likely 
related  to  ambiguities  in  inter-regional  correlation.  The 
main  divergence  from  the  standard  Silurian  eustatic 
curve  is  the  presence  of  an  early  Rhuddanian  highstand, 
which  correlates  well  with  a  coeval  highstand  in  the 
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Baltic  and  Prague  regions.  This  event,  which  inundated 
low  topographic  relief  areas  in  east  Siberia,  seems  to  be 
related  to  the  initial  Silurian  transgression.  This  earliest 
Silurian  event  may  be  part  of  a  yet  unrecognized  global 
sea-level  standard  for  the  Silurian. 
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ABSTRACT — Proximality-trend  analysis  records  the  occur¬ 
rence  of  tempestite  cycles  on  storm-dominated  coasts.  Most  au¬ 
thors  who  use  this  method  link  their  first-order  proximality 
cycles  to  the  third-order  eustatic  cycles  of  Vail  et  al.  Data  for 
the  Llandovery  Series  illustrate  a  good  fit  between  sea-level 
curves  derived  from  proximality  trends  and  the  Silurian  stan¬ 
dard  sea-level  curve.  Proximality-trend  analysis  is  therefore 
deemed  to  be  a  valid  method  for  detecting  sea-level  changes. 
Caution  should  be  exercised,  however,  in  situations  of  sediment 
by-pass  and  sediment  trapping  or  starvation  due  to  transgres¬ 
sion  or  tectonicmovement. 

Areas  for  the  Silurian  System  inhere  this  method  has  been 
or  might  be  used  were  identified  by  literature  search  and 
paleoclimatic  simulation.  The  literature  search  found  63  areas 
with  tempestites  that  were  described  mostly  in  English-speak¬ 
ing  countries.  This  result  implies  a  bias  in  the  literature,  but 
the  possibility  of  limited  emphasis  on  storm  deposits  in  differ¬ 
ent  countries  or  lack  of  detailed  studies  is  also  possible.  The 
paleoclimatic  model  predicted  many  additional  sites  for  tem¬ 
pestite  deposition.  A  closer  investigation  revealed  that  most  of 
these  were  either  areas  of  non-deposition  or  deeper  facies. 
Kolyma,  southeast  Australia,  south-central  Europe,  and  prob¬ 
ably  Siberia  and  Kazakstan,  however,  are  the  most  likely  places 
to  find  additional  tempestite  deposits.  The  South  China  Plat¬ 
form  and  areas  on  the  west  side  of  the  Taconic  orogen  in 
Laurentia  have  tempestites,  although  none  were  predicted  from 
the  climatic  simulation.  Hurricane  nucleation  on  the  epiconti¬ 
nental  platform  or  alternative  paleogeographic  reconstructions 
may  explain  this. 


Introduction 

Tempestites  or  storm  deposits  will  vary  with  intensity  of 
storm,  direction  of  storm-generated  currents,  type  of 
shelf,  and  distance  from  shoreline  or  intra-shelf  sediment 
source  (Johnson  and  Baldwin,  1996).  Each  separate 
tempestite  bed  displays  a  succession  that  reflects  change 
in  intensity  of  a  single  storm.  On  a  larger  scale. 


tempestites  tend  to  occur  in  a  hierarchy  of  cycles  that 
reflect  climatic  and  eustatic  changes. 

One  way  to  identify  these  cycles  is  to  use 
proximality-trend  analysis,  as  defined  by  Aigner  (1985). 
He  tested  the  model  on  the  Triassic  Muschelkalk  of  Ger¬ 
many  and  found  it  to  be  a  sensitive  indicator  of  paleo- 
bathymetry.  This  report  will  first  review  and  evaluate 
studies  where  this  approach  was  applied,  in  order  to  de¬ 
termine  whether  the  method  is  valid  for  interpreting 
paleodepth  and  constructing  sea-level  curves.  Secondly, 
it  will  concentrate  on  the  use  of  proximality-trend 
analysis  for  Silurian  sequences  and  relate  the  resulting 
cycles  to  the  orders  of  sea-level  cycles  recognized  by 
Vail  et  al.  (1977).  Finally,  it  will  identify  potential  sites 
for  future  application  of  the  analysis.  Identification  of 
potential  sites  is  approached  in  the  following  way:  The 
results  of  a  literature  study  of  Silurian  storm  deposits 
are  plotted  on  a  Silurian  paleogeographic  map.  The  dis¬ 
tribution  is  then  compared  with  existing  Silurian 
climate  models  and  the  most  storm-affected  coasts 
revealed  by  those  models. 

History  and  Use  of  Proximality- 
Trend  Analysis 

The  term  "proximality-trend  analysis"  was  first  formal¬ 
ized  by  Aigner  and  Reineck  (1982)  in  a  study  on  modem 
storm  deposits  in  the  Heligoland  Bight.  Aigner  (1985)  later 
elaborated  the  method  by  using  modem  examples  from 
south  Florida  and  the  North  Sea,  as  well  as  an  example 
from  the  Middle  Triassic  of  the  South  German  Basin. 

A  literature  search  using  Georef  identified  nine 
other  studies,  in  addition  to  the  four  examples  mentioned 
above,  where  the  technique  was  adopted.  Five  studies 
were  conducted  on  Silurian  strata  (Baarli,  1988;  East- 
house  and  Driese,  1988;  Baarli  et  al.,  1992;  Sami  and 
Desrochers,  1992;  and  Bourker  and  Holland,  1996),  and 
two  were  conducted  on  Cretaceous  strata  (Rowdan  and 
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Brenner,  1985;  Miskell-Gerhardt,  1987).  Two  other  studies 
on  the  Cambrian  (Myrow,  1992)  and  modem  sediments 
(Bush,  1991)  found  conflicting  proximality  trends  to  the 
predicted  onshore-offshore  model  of  Aigner  (1985). 

As  defined  by  Aigner  (1985),  proximality-trend 
analysis  may  be  used  to  examine  tempestite  deposits 
either  on  sandy  coastlines  or  on  carbonate  shelves  with 
abundant  shell  material.  The  analysis  assumes  that  storm 
deposits  were  laid  down  by  offshore  geostrophic  currents 
that  resulted  from  wind-driven  surface  currents  that 
moved  towards  shore  or  across  shoals.  As  the  currents 
waned  with  increased  depth,  the  characteristics  of  the 
deposits  changed.  These  changes  may  easily  be  quanti¬ 
fied.  Grain  size,  thickness,  and  amalgamation  of  beds 
decrease,  while  bioturbation  increases  gradually  offshore 
(Figure  1).  The  frequency  of  tempestite  beds  and  amount 
of  cross-lamination,  however,  show  a  maximum  some¬ 
where  between  normal  wave  base  and  normal  storm- 
wave  base  in  what  is  called  the  "transition  zone"  by 
Reineck  and  Singh  (1975,  p.  285,  fig.  410).  For  a  more 
complex  view  of  storm-depositional  processes,  see 
Myrow  and  Southard  (1996),  who  claimed  that  non- 
actualistic  storm  processes  are  sometimes  needed  to  ex¬ 
plain  the  distribution  and  unusual  thicknesses  of  ancient 
tempestites.  These  authors  did  not,  however,  deny  that 
geostrophic  currents  are  important  in  tempestite  deposi¬ 
tion,  but  add  that  density-induced  or  excess-weight 
forces  may  be  more  important  than  previously  imagined 
because  the  present  low-angle  continental  slope  may  be  a 
poor  analog  for  many  ancient  shelves. 

Proximality-trend  analysis  requires  a  centimeter- 
by-centimeter  description  of  tempestites  and  their  char¬ 
acteristics  in  cores  or  vertical  sections.  This  record  is  then 
treated  statistically  for  grain  size,  frequency,  mean,  and 
maximum  number  and  thickness  of  tempestite  beds  per 
meter.  Occurrence  of  amalgamated  beds,  cross-lamina¬ 
tion,  and  bioturbation  is  also  included.  The  statistical  ap¬ 
proach  "evens  out"  the  variability  of  storm  parameters 
(e.g.,  a  single  major  storm  may  show  the  same  sedimen¬ 
tary  effect  in  offshore  areas  as  a  weaker  storm  near 
shore).  The  analysis  clearly  distinguishes  the  transition 
zone,  and  thus  divides  the  shelf  into  three  zones. 

There  are  many  studies  on  storm  deposits  that  ap¬ 
proach  the  method  of  Aigner  (1985),  where  a  proximal- 
distal  analysis  is  utilized.  Examples  include  those  by 
Chowns  and  McKinney  (1980),  Brenchley  et  al.  (1986), 
and  Brett  et  al.  (1986).  These  authors  typically  published 
the  percentage  of  sandstone  per  meter  and  conducted  a 
careful  analysis  of  many  other  criteria  to  determine 
proximality  of  storm  beds.  They  did  not,  however,  follow 
Aigner's  (1985)  method,  and  their  studies  are  thus  ex¬ 
cluded  from  the  list  of  proximality-trend  analyses  cited 
above. 


GRAIN  SIZE,  BED  THICKNESS, 
AMALGAMATION 


TEMPESTITE  FREQUENCY 


BIOTURBATION 


FIGURE  1 — Proximality  trends  on  a  storm-dominated  shelf.  Modified 
from  Aigner  (1985,  fig.  27a). 


Proximality  Trends  and  Sea-Level 
Curves 

Proximality  trends  are  primarily  dependent  on  depth 
and  distance  from  shore,  and  thus  record  transgressive 
and  regressive  events.  Proximality-trend  analysis  based 
on  tempestite  cycles  of  storm-dominated  coasts,  there¬ 
fore,  may  provide  corroboration  of  sea-level  curves  based 
on  other  criteria. 

There  are  several  ways  to  construct  sea-level  curves. 
Interpretation  of  sedimentary  structures,  preferably  com¬ 
bined  with  paleontological  information,  has  been  the  tra¬ 
ditional  basis.  More  specific  methods  include  the  use  of 
benthic  assemblages  (Boucot,  1975),  which  are  widely  ap¬ 
plied  for  determining  depth  changes  during  the  Silurian 
(e.g.,  Johnson  et  al.,  1991a).  These  Silurian  benthic  assem- 
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blages  are  found  to  occur  in  shoreline-parallel  belts,  and 
there  is  general  agreement  that  they  were  controlled  by 
depth-related  factors  (Brett  et  al.,  1993).  An  overview  by 
Brett  et  al.  (1993)  related  benthic  assemblages  to  absolute 
depth,  and  argued  that  although  benthic  assemblages 
may  occupy  somewhat  different  depth  ranges  in  different 
depositional  environments,  the  limits  proposed  by  differ¬ 
ent  lines  of  evidence  are  remarkably  concordant  and  do 
not  differ  by  an  order  of  magnitude.  Another  paleonto¬ 
logical  technique  employs  depth-related  ichnofossil  as¬ 
semblages,  as  outlined  by  Pemberton  and  Frey  (1984). 
From  a  sedimentological  point  of  view,  sequence  stratig¬ 
raphy  results  in  sea-level  curves,  but  only  proximality- 
trend  analysis  represents  a  quantified  sedimentological 
method  for  depth  analysis. 

The  majority  of  studies  where  proximality-trend 
analysis  was  used  claim  that  the  method  works  satisfac¬ 
torily  in  constructing  sea-level  curves.  Baarli  (1988)  and 
Easthouse  and  Driese  (1988)  tested  and  supplemented 
their  proximality-trend  studies  with  alternative  methods 
for  interpreting  bathymetry.  Baarli  (1988)  used 
level-bottom  benthic  communities  (after  Boucot,  1975), 
while  the  latter  authors  used  ichnofossil  analysis  (see 
Pemberton  and  Frey,  1984).  They  found  that  the  two 
methods  complemented  each  other.  The  most  convincing 
evidence,  however,  is  derived  from  comparisons  with 
standard  eustatic  curves.  Both  for  the  Silurian  and  Creta¬ 
ceous,  use  of  standard  eustatic  curves  has  a  long-stand¬ 
ing  tradition  (Johnson  et  al.,  1991a;  Hallam,  1992). 
Silurian  curves  are  mainly  based  on  depth-related 
benthic  communities,  but  are  supported  by  an  array  of 
other  methods  todetermine  water  depth.  When 
proximality-trend  analysis  yields  curves  that  coincide 
with  the  standard  sea-level  curves,  there  are  compelling 
reasons  to  believe  that  the  analysis  is  valid.  Data  for  the 
Llandovery  Series  (Figure  2)  illustrate  the  close  fit  of 
sea-level  curves  derived  from  proximality-trend  analysis 
with  the  Silurian  standard  sea-level  curve  (Johnson, 
1996). 

Available  studies  of  proximality-trend  analysis  also 
point  out  that  there  may  be  complications  and  situations 
where  the  analysis  is  invalid  as  a  method  to  construct 
sea-level  curves.  Sediment  bypass  is  the  explanation  sug¬ 
gested  by  Bush  (1991)  and  Myrow  (1992)  for  conflicting 
results  with  proximality  trends  that  result  from  the  appli¬ 
cation  of  Aigner's  (1985)  model.  The  onshore-offshore 
pattern  was  one  of  muddy,  fine-grained  sediment  near 
shore  and  coarser,  thicker  interbeds  offshore,  before  the 
grain  size  and  thickness  decreased  again  further  offshore. 
The  current  regime,  however,  was  highest  near  shore,  as 
indicated  by  abundant  gutter  casts  in  the  fine-grained 
near-shore  sediments  (Myrow,  1992).  There  are  a  few 
additional  examples  of  near-shore  sediment  bypass 


FIGURE  2 — Comparison  of  standard  Llandovery  sea-level  curve  (A) 
from  Johnson  (1996)  with  sea-level  curves  created  by  proximality-trend 
analysis.  Curve  B  from  Green  Gap,  Tennessee  (after  Easthouse  and 
Driese,  1988).  Curve  C  from  Birmingham,  Alabama  (after  Baarli  et  al., 
1992).  Curve  D  from  Sylling,  Norway  (after  Baarli,  1988);  curve  E  from 
Anticosti  Island,  Quebec  (after  Sami  and  Desrochers,  1992).  Numbers 
1-6  in  curve  A  stand  for  Benthic  Assemblages  1-6.  Letters  S,  T,  and  O 
stand  for  shoreface,  transition  zone,  and  offshore,  respectively.  Dotted 
lines  mean  no  fixed  biostratigraphic  points;  unbroken  line  means  good 
biostratigraphic  control.  Curves  without  biostratigraphic  control  are 
drawn  according  to  stratigraphic  thickness. 


reported  from  modern  shelves,  but  fewer  ancient  ex¬ 
amples  (Kidwell,  1989;  Leckie  et  al.,  1990).  Clearly  this  is 
an  important  shelf  situation,  but  not  the  norm. 

Sediment  trapping  or  starvation  due  to  transgres¬ 
sions  or  tectonic  movements  may  be  more  important  to 
identify  as  a  complication  of  proximality-trend  analysis. 
The  Red  Mountain  Formation  at  Birmingham,  Alabama 
was  the  subject  of  a  proximality-trend  study  by  Baarli  et 
al.  (1992).  They  found  inconsistencies  in  proximality 
trends  in  the  middle  parts  of  the  Red  Mountain  Forma¬ 
tion  (interval  E  of  Baarli  et  al.,  1992).  The  thin,  infrequent 
sandstones  and  oolitic  ironstone  interbeds  in  shale  indi¬ 
cate  inner  offshore  conditions.  The  inferred  current  en¬ 
ergy,  however,  was  high,  and  the  presence  of  thin,  con¬ 
densed  fossil  lags  and  common  shale  clasts  also  indicate 
shallower  conditions.  An  overview  article  by  Chowns 
(1996)  interpreted  the  sequence  stratigraphy  of  the  Red 
Mountain  Formation.  He  identified  interval  E  as  occur¬ 
ring  immediately  above  a  major  flooding  surface  indi¬ 
cated  by  the  thick,  condensed  ironstone  beneath  interval 
E.  Interval  E  was,  thus,  at  the  start  of  a  transgressive  sys¬ 
tem  tract.  Sediments  from  the  source  area  were  cut  off  by 
flooding  of  the  source,  while  the  depositional  site  was 
still  within  the  shoreface.  Flooding  surfaces  may,  there¬ 
fore,  create  situations  where  the  normal  proximality 
trends  break  down.  Another  example  of  trapping  of 
coarse-grained  sediment  was  documented  in  an  article  on 
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the  Llandovery  of  the  Oslo  region  in  Norway  (Baarli, 
1988).  Again,  the  thickness  and  frequency  trends  were  in 
conflict  with  trends  in  grain  size  and  the  current  regime. 
Baarli  (1990)  explained  this  transition  by  movements  of  a 
peripheral  bulge  across  the  region.  The  bulge  cut  off  the 
former  siliciclastic  sediment  source,  and  subsequent  sedi¬ 
mentation  in  the  area  consisted  of  carbonate  deposition 
derived  from  the  top  of  the  bulge. 

In  the  same  article,  Baarli  (1988)  cited  one  example 
from  a  composite  section  where  a  small  tectonic  high  or 
horst  locally  affected  the  area.  The  few  and  very  thin, 
coarser-grained  interbeds  give  an  impression  of  deeper 
offshore  conditions  on  the  top  of  the  horst,  but  this  is  con¬ 
tradicted  by  the  coarse  shell-lags,  high  current  regime,  arid 
the  fossil  communities.  Again,  the  proximality  trends  do 
not  follow  the  scheme  of  Aigner  (1985).  Thus  tectonically 
active  coasts  may  not  be  ideal  for  this  kind  of  analysis. 

Eustatic  Versus  Proximality- 
Trend  Cycles 

For  Paleozoic  times,  relative  changes  in  sea-level  may  be 
observed  globally,  as  discussed  by  Vail  et  al.  (1977).  When 
these  authors  plotted  Paleozoic  sea-level  curves,  they 
observed  three  orders  of  eustatic  cycles.  Cycles  of  first-, 
second-,  and  third-order  are  considered  to  have  dura¬ 
tions  of  200-300  Ma,  10-80  Ma,  and  1-10  Ma  years,  re¬ 
spectively.  Other  workers  have  expanded  on  the  work  of 
Vail  et  al.  (1977)  and  identified  smaller,  fourth-  and 
fifth-order  cycles.  Ryer  (1983)  identified  fourth-order 
cycles  from  the  Cretaceous  as  being  on  the  order  of  a  few 
hundred  thousand  years  in  duration.  Read  and  Gold- 
hammer  (1988)  linked  their  smaller  fifth-order  eustatic 
cycles  to  Milankovitch  climatic  cycles  with  a  duration  of 
20-100  Ka. 

Tempestite  deposition  may  also  occur  in  cycles,  and 
all  the  studies  that  use  proximality-trend  analysis  have 
linked  their  major  cycles  to  eustatic  cycles.  Most  workers 
that  conduct  proximality-trend  analyses  distinguish  two 
to  three  temporal  orders  of  tempestite  cycles.  Because  of 
their  scope  of  study,  typically  one  or  two  formations, 
first-order  tempestite  cycles  are  linked  to  the  third-order 
cycle  of  Vail  et  al.  (1977).  Aigner  (1985),  in  his  investiga¬ 
tion  of  the  Triassic  upper  Muschelkalk,  and  Sami  and 
Desrochers  (1992),  in  their  work  on  the  Lower  Silurian  of 
Anticosti  Island,  both  estimated  a  duration  of  5  Ma  for 
this  cycle.  Cotter  (1988)  worked  on  tempestite  cycles 
through  most  of  the  Silurian  Clinton  Group  in  Pennsylva¬ 
nia.  His  first-order  cycles  were  estimated  to  last  an  aver¬ 
age  of  2.5  Ma.  All  the  Silurian  workers  that  apply 
proximality  analysis  have  compared  their  cycles  to  the 


Silurian  standard  eustatic  curve  recently  expanded  by 
Johnson  (1996),  who  estimated  an  average  2.5  Ma  dura¬ 
tion  for  Silurian  cycles.  Johnson  (1996)  also  linked  his 
eustatic  cycles  to  the  third-order  cycle  of  Vail  et  al.  (1977). 
It  is  worth  noting  that  the  deviation  in  age  durations 
between  is  due  to  the  adoption  of  different  absolute-age 
scales.  Johnson  (1996)  and  Cotter  (1988)  used  the  time 
scale  of  McKerrow  et  al.  (1985)  that  indicates  a  3-Ma  du¬ 
ration  for  the  Rhuddanian  Stage.  Sami  and  Derochers 
(1992)  arrived  at  a  5  Ma  duration  for  the  Rhuddanian  by 
using  the  less  detailed  time  scale  of  Palmer  (1983). 

The  first-order  cycles  described  by  Sami  and 
Desrochers  (1992)  consist  of  an  initial  deepening  suc¬ 
ceeded  by  a  middle  Aeronian  shallowing  and  deepening. 
This  middle  Aeronian  deepening  cycle  is  not  noted  in  the 
standard  Silurian  sea-level  curve  of  Johnson  (1996).  Us¬ 
ing  proximality-trend  analysis,  however,  this  additional 
Rhuddanian  cycle  is  also  found  in  Norway  (Baarli,  1988) 
and  Alabama  (Baarli  et  al.,  1992).  In  an  overview  of  the 
Silurian  bathymetry  of  North  America,  Johnson  (1987) 
showed  this  cycle  in  sequences  from  central  Manitoba, 
Anticosti  Island,  northern  Michigan,  Manitoulin  Island, 
and  New  York.  The  same  minor  cycle  was  subsequently 
reported  from  Illinois  (Ross  and  Ross,  1996),  and  from  the 
Great  Basin  in  Utah  (Harris  and  Sheehan,  1996).  It  is  also 
found  in  Estonia  (Johnson,  1996).  This  middle  Rhud¬ 
danian  cycle  must  be  an  additional  minor  eustatic  cycle 
not  well  developed  everywhere,  and  therefore  omitted 
from  the  standard  curve.  The  fact  that  three  out  of  the 
four  studies  (from  Norway,  Alabama,  and  Anticosti, 
Canada)  that  applied  proximality-trend  analysis  recog¬ 
nized  this  minor  cycle  suggests  proximality-trend  analy¬ 
sis  to  be  a  sensitive  tool  for  sea-level  analysis. 

Higher-order  cycles  are  shown,  but  not  defined  by 
most  studies  on  tempestite-dominated  sections.  Sami  and 
Desrochers  (1992)  and  Cotter  (1988)  distinguished  two 
and  one  additional  order  of  cycles,  respectively.  Both  of 
these  reports  compared  their  highest  order  cycles,  with 
an  estimated  duration  of  80-100  Ka,  to  Milankovitch 
sea-level  cycles.  The  second-order  sea-level  fluctuations 
of  Sami  and  Desrochers  (1992)  averaged  1  Ma.  Higher-or¬ 
der  cycles  may  also  have  had  a  eustatic  origin,  but  at  such 
a  high  degree  of  temporal  resolution,  slight  adjustments 
in  local  depositional  conditions  may  have  easily  inter¬ 
fered  with  and  overprinted  possible  eustatic  signals. 

In  summary,  the  major  cycles  derived  from  Silurian 
proximality  analysis  coincide  well  with  the  standard 
eustatic  curves,  which  are  linked  to  eustatic  third-order 
cycles  of  Vail  et  al.  (1977).  The  resolution  obtained  by 
proximality  analysis,  however,  may  be  considerably 
higher  and  surpass  those  obtained  by  lithofacies  and  pa¬ 
leontological  methods.  With  an  increased  understanding 
of  the  processes  that  control  storm  deposition,  the  analy- 
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sis  may  prove  to  be  a  powerful  tool  for  investigation  of 
storm-dominated  basins  in  the  future. 

Occurrence  of  Silurian 
Tempestites 

Used  with  caution,  proximality  analysis  may  produce 
valuable  information  on  the  bathymetry  of  storm-domi¬ 
nated  coasts.  Therefore,  it  may  be  important  to  identify 
areas  with  abundant  tempestite  deposition,  and  where 
the  method  can  be  used.  It  is  logical  first  to  identify  areas 
where  tempestites  are  known  through  a  literature  survey. 
The  result  of  the  literature  survey  is  then  compared  with 
existing  paleoclimatic  models  for  the  Silurian  to  find  ad¬ 
ditional  areas  for  study. 

Silurian  paleogeographic  reconstructions.— The 

accuracy  of  Silurian  paleogeography  is  still  very  much  in 
debate.  The  most  recent  and  thorough  reconstruction  is 
by  Torsvik  et  al.  (1996),  but  it  concentrates  on  Laurentia, 
Baltica,  and  neighboring  continents.  Many  regional  and  a 
few  global  reconstructions  conflict  with  this  work.  One  of 
the  main  alternative  reconstructions  is  by  Daziel  et  al. 
(1994).  The  present  study,  however,  chose  to  use  an  exist¬ 
ing  climate  model.  Paleogeographic  maps  of  the  Silurian 
world  with  accompanying  paleoclimatic  simulations  by 
Wilde  et  al.  (1991)  are  reasonably  close  to  the  reconstruc¬ 
tions  of  Torsvik  et  al.  (1996).  Figures  3  and  4  are  slightly 
modified  to  include  some  of  the  latest  revisions  of  the 
continental  configuration  and  data  from  the  climate  mod¬ 
eling  of  Moore  et  al.  (1994)  for  the  Wenlock  Series. 

Storm  DEPOSITS  IN  THE  LITERATURE.— A  search  for 
tempestite  deposits  was  done  with  Georef.  Only  those 
studies  were  included  in  which  the  words  "tempestite" 
or  "storm  deposits"  actually  appear.  The  results  of  the  lit¬ 
erature  search  are  summarized  in  Table  1,  with  references 
to  63  different  tempestite  occurrences.  Plotted  on  Figures 
3  and  4,  these  sites  show  a  distinct  clustering.  The  major¬ 
ity  of  locations  occur  in  the  English-speaking  world,  as 
found  in  references  to  Laurentia  (mainly  west  of  the 
Taconic  orogen),  Avalonia,  and  Baltica. 

There  is  a  clear  decrease  in  storm  deposits  reported 
through  the  Silurian  System.  The  results  show  33  tem¬ 
pestite  deposits  from  the  Llandovery,  thirteen  from  the 
Wenlock,  twelve  from  the  Ludlow,  and  five  from  the 
Pridoli. 

The  majority  of  tempestites  (54%)  are  from 
siliciclastic  units;  41%  are  from  carbonate-dominated 
units;  5%  are  from  units  with  mixed  carbonate  and 
siliciclastic  strata.  There  is  little  difference  in  tempestite 


occurrence  in  carbonate-dominated  and  siliciclastic- 
dominated  lithologies  through  time.  Regionally,  how¬ 
ever,  there  are  strong  differences.  Avalonia  has  fourteen 
siliciclastic  tempestite  units  out  of  a  total  of  fifteen  units. 
Laurentia  shows  seventeen  siliciclastic  units  out  of  a  total 
of  32.  In  Laurentia,  siliciclastic  tempestites  occur  mainly 
along  the  Appalachian  Mountains.  In  Baltica,  siliciclastic 
tempestites  are  found  in  the  Oslo  region. 

Discussion  of  results  from  literature  survey.— Ab¬ 
sence  of  predicted  storm  beds  may  be  due  to  absence  or 
inaccessibility  of  study,  lack  of  outcrops,  presence  of 
deep-water  facies,  fair-weather  deposition,  or  very  shel¬ 
tered  paleoshores.  Paleogeographic  and  paleoclimatic 
models  may  explain  most  of  the  physical  parameters,  and 
will  be  considered  later.  Absence  of  studies  or  inaccessi¬ 
bility  of  study  areas,  however,  is  a  major  concern.  There 
are  three  potential  problems:  inaccessibility  of  the  litera¬ 
ture,  non-recognition  of  or  little  emphasis  on  storm- 
deposits,  and  no  appropriate  or  detailed  studies  in  a 
region.  The  search  tool,  Georef,  concentrates  on  journals 
published  in  the  English  language,  although  other  major 
journals,  especially  from  Europe,  are  also  represented. 
This  is  the  major  reason  why  plots  of  tempestites  are 
mainly  found  clustered  in  English-speaking  countries.  In 
the  sedimentological  literature  from  English-speaking 
countries,  however,  tempestites  traditionally  have  been 
emphasized  or  recognized,  only  during  the  last  twenty  to 
thirty  years.  Other  countries  may  still  lag  behind.  This  is 
true  for  the  extensive  east  European  literature.  In  the 
Prague  Basin,  substantial  carbonate  deposits  are  found  in 
the  Upper  Silurian.  According  to  Havlicek  and  Storch 
(1990),  biodetrital  limestones  formed  under  rough-water 
conditions  from  Wenlock  time  onwards.  These  lime¬ 
stones  certainly  include  tempestites,  but  there  is  a  differ¬ 
ence  in  the  use  of  language,  and  storm  or  tempestite 
deposits  are  not  mentioned. 

Differences  in  emphasis  of  studies,  as  well  as  differ¬ 
ences  in  use  of  words  to  describe  tempestites,  contribute 
to  the  negative  results.  Australia,  Antarctica,  and  some 
Arctic  regions  are  still  frontier  lands  where  the  focus  re¬ 
mains  on  primary  mapping.  Detailed  studies  on 
tempestites  from  these  regions  are  exceptions.  Tasmania 
and  southeastern  Australia  (central  Victoria  and  central 
New  South  Wales)  have  ample  Silurian  outcrops  in  the 
Tasman  fold-belt  and  the  Melbourne  Trough.  Tradition¬ 
ally,  most  sedimentary  rocks  in  the  Melbourne  Trough, 
including  the  distal  turbidites,  have  been  interpreted  as 
deep-water  "flysch".  Garrat  (1983)  regards  this  view  as 
erroneous,  and  contends  that  the  flyschoid  sediments  do 
not  necessarily  include  a  significant  component  of 
deep-water  sediments.  Dyson  (1996)  reinterpreted  both 
the  Devonian  and  Ordovician  distal  turbidites  in  Victoria, 
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FIGURE  3 — (top)  Llandovery  paleogeographic  reconstruction  that  shows  areas  of  predominantly  high-pressure  (H)  and  tracks  of  winter  storms 
and  hurricanes.  Figure  modified  from  Wilde  et  al.  (1991).  Storm  deposits  found  in  the  literature  from  the  Llandovery  and  Wenlock  are  marked 
with  closed  and  open  boxes,  respectively. 

FIGURE  4 — (bottom)  Ludlow  paleogeographic  reconstruction  with  areas  of  predominant  high-pressure  (H)  and  the  tracks  of  winter  storms  and 
hurricanes.  Figure  modified  from  Wilde  et  al.  (1991).  Storm  deposits  found  in  the  literature  from  Wenlock  and  Pridoli  shown  by  closed  and  open 
circles,  respectively. 
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Australia,  as  shallow  storm  tempestites.  It  is  likely  that 
some  of  the  Silurian  "flysch"  of  Australia  also  may  be  re¬ 
interpreted  as  tempestites. 

For  the  most  part,  the  marked  decrease  in 
tempestites  through  time  may  be  explained  by  the  dura¬ 
tion  of  each  series.  The  Digital  Time  Scale  (Gradstein  and 
Ogg,  1996)  assigned  a  duration  of  15  Ma  for  the 
Llandovery,  5  Ma  for  the  Wenlock,  4  Ma  for  the  Ludlow, 
and  2  Ma  for  the  Pridoli  Series.  The  nature  of  the  hypso- 
graphic  curve  further  explains  some  variations.  This 
curve  shows  a  general  maximum  sea-level  stand  in  late 
Llandovery  through  early  Wenlock  time.  There  was  a 
general  draw-down  in  sea-level  through  the  rest  of  the 
Silurian,  until  a  minimum  was  reached  at  the  close  of  the 
period  (Johnson,  1991b;  Moore  et  al.,  1994).  Thus  in  the 
later  Silurian,  many  continents  were  emergent,  as  was  the 
case  of  Gondwana,  or  with  inland  seas  that  displayed 
shallow  lagoonal  or  evaporitic  facies  punctuated  by 
smaller  transgressions,  as  in  Laurentia,  Siberia,  China, 
and  Baltica.  The  most  significant  transgression  occurred 
at  the  beginning  of  the  Ludlow,  when  there  was  a 
pronounced  deepening  (Johnson  et  al.,  1991b).  This  deep¬ 
ening  may  explain  the  similar  number  of  tempestite 
localities  in  the  Ludlow  and  Wenlock  Series,  in  spite  of  a 
slightly  shorter  duration  for  the  former. 

Tectonic  activity  also  may  have  influenced  the  oc¬ 
currence  of  tempestites.  A  large  scale  collision  during  the 
Silurian  led  to  the  Caledonian  orogeny,  which  caused  up¬ 
lift  and  resulted  in  a  cessation  of  marine  deposition,  first 
in  Norway  at  the  end  of  the  Wenlock  Epoch  and  succes¬ 
sively  later  further  east  in  Baltica.  The  strong  epeirogenic 
movement  of  African  Gondwana  was  the  cause  of  wide¬ 
spread  emergence  after  Llandovery  time  (Wilde  et  al., 
1991). 

Table  1  shows  that  storm  deposits  are  recognized  in 
both  carbonate  and  siliciclastic  settings,  with  just  a  slight 
predominance  of  the  latter.  This  result  is  somewhat  sur¬ 
prising.  Hummocky  cross-stratification,  as  first  described 
by  Harms  et  al.  (1975),  is  the  most  distinctive  single  sedi¬ 
mentary  structure  attributed  to  storm  sedimentation.  The 
structure  tends  to  be  best  preserved  in  siliciclastic  sedi¬ 
ments.  The  paleogeographic  setting  seems  to  be  most  im¬ 
portant.  Tectonically  active  areas,  such  as  the  western 
part  of  Baltica,  Avalonia,  and  Laurentia  immediately  west 
of  the  Taconic  orogen,  display  siliciclastic  tempestites. 
Stable  platform  regions  have  tempestites  in  carbonate 
settings. 

Storms  and  CLIMATE  MODELS— Severe  storms  are  the 
primary  agents  that  cause  tempestite  deposition 
(Marsaglio  and  de  Vries  Klein,  1983;  Barron,  1989).  Major 
winter  storms  today  are  typically  strongest  in  higher  lati¬ 
tudes  above  45°,  while  hurricanes  have  their  maximum 


between  20°  and  30°.  From  30-45°,  there  is  a  zone  of  mix¬ 
ing  where  both  type  of  storms  may  occur.  Tropical  storms 
are  also  typically  stronger  on  the  east  coast  of  continents 
than  on  the  west  coast.  As  Barron  (1989)  pointed  out, 
however,  a  direct  projection  of  today's  climate  may  not  be 
appropriate.  The  nature  of  atmospheric  circulation,  over¬ 
all  global  temperature,  and  the  arrangements  of  conti¬ 
nents  in  the  past  may  have  led  to  a  distinctly  different 
distribution  of  storms. 

EARLIER  CLIMATE  MODELS. — A  number  of  studies  have 
tried  to  link  storm  type  to  the  sedimentary  record  based 
on  latitude  and  paleogeography.  This  linkage  has  not, 
however,  been  accomplished  so  far.  Marsaglia  and  de 
Vries  Klein  (1983)  used  a  relatively  simple  model  that  ex¬ 
trapolated  present-day  distributions  of  storm  systems  to 
paleostorm  models  on  the  basis  of  latitude  and  paleo¬ 
geography.  They  recorded  69  tempestite  deposits  through 
the  geological  record,  with  seven  from  the  Silurian.  Duke 
(1985)  made  a  similar  study  using  a  slightly  larger  data¬ 
base  (107  tempestites),  although  he  noted  only  six  Sil¬ 
urian  examples.  Marsaglio  and  de  Vries  Klein  (1983)  and 
Duke  (1985)  were  criticized  by  Barron  (1989)  for  using 
simplistic  methods.  Paleoclimate  is  controlled  by  paleo¬ 
geography,  paleotopography,  Milankovitch-type  climate 
fluctuations,  sea-level  fluctuations,  and  variations  in  the 
paleoatmosphere  (Moore  et  al.,  1994).  Consequently, 
more  recent  climate  studies  have  been  based  on  increas¬ 
ingly  intricate  climate-model  simulations  for  past  geogra¬ 
phies,  where  all  these  criteria  are  taken  into  account. 
There  are  several  climate  models  specifically  designed  for 
the  Silurian  Period.  An  early  attempt  to  model  climate  for 
the  Silurian  was  made  by  Ziegler  et  al.  (1977).  A  thor¬ 
ough,  computerized  study  of  the  oceanic  and  atmo¬ 
spheric  circulation  system  for  the  Silurian  was  executed 
by  Wilde  et  al.  (1991).  They  provided  separate  maps  for 
Llandovery,  Wenlock,  and  Ludlow  times.  Refined  paleo¬ 
geographic  maps  were  used  by  Moore  et  al.  (1994)  for 
paleoclimatic  modeling  of  the  Wenlock  Series. 

Storm  deposits  predicted  from  climate  models.— 
Figure  3  shows  major  storm  tracks  on  a  paleogeographic 
map  for  the  Llandovery,  modified  from  Wilde  et  al. 
(1991).  The  major  hurricane  track  would  affect  southern 
Baltica,  Avalonia,  the  present  east  side  of  Laurentia,  and 
possibly  the  present  east  coast  of  Australia  and  parts  of 
Antarctica  in  the  southern  hemisphere.  In  the  northern 
hemisphere,  hurricanes  would  impact  New  Guinea,  parts 
of  the  North  China  Platform  and  Kazakstan,  northern 
Laurentia  (including  Greenland  and  Kolyma),  and  most 
of  northern  Siberia.  The  northern  hemisphere,  with  a  dis¬ 
tinct  lack  of  land  above  45°,  could  be  expected  to  main¬ 
tain  a  strong  zonal  circulation  in  all  seasons.  Siberia, 
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Table  1 — Sources  of  data  on  Silurian  cycles  and  proximality  trends  of  tempestites. 


Silurian  continent  and  references 

Unit 

Lithology 

Region 

Age 

AVALONIA 

Cant  1980,  Bambach  1993 

Arisaig  Group 

Silicicl. 

Arisaig,  Nova  Scotia 

LI. 

" 

" 

Silicicl. 

" 

We.  Lu. 

" 

" 

Silicicl. 

" 

Pr. 

" 

// 

Silicicl. 

// 

Hurst  and  Pickerill  1986 

Ross  Brook  Fm. 

Silicicl. 

Arisaig  Nova  Scotia 

LI. 

Pickerill  and  Hurst  1983 

Beechill  Cove  Fm. 

Silicicl. 

Arisaig,  Nova  Scotia 

LI. 

Benton  and  Gray  1981, 

Gray  and  Benton  1982 

Hughley  Shale 

Silicicl. 

Welsh  Borders 

LI. 

Cocks  et  al.  1984 

Bronydd  Fm. 

Silicicl. 

South  Wales 

LI. 

" 

Crychan  Fm. 

Silicicl. 

" 

LI. 

u 

Trefawr  Fm. 

Silicicl. 

" 

LI. 

Goldring  and  Bridges  1973 

Wych  Fm. 

Silicicl. 

England 

LI. 

Goldring  and  Aigner  1982 

Black  Cock  Bed 

Silicicl. 

South  Wales 

Lu. 

Richardson  and  Rasul  1990; 

Watkins  1978 

Whitcliffe  Fm. 

Carbon. 

Welsh  Borderland 

Lu. 

Watkins  1978;  Cherns  1988 

Leintwardine  Fm. 

Silicicl. 

Welsh  Borderland 

Lu. 

Tyler  and  Woodcock  1987 

Baily  Hill  Fm. 

Silicicl. 

Welsh  Borderland 

Lu. 

LAURENTIA 

Hurst  1980 

Alequatsiaq  FjordFm. 

Carbon. 

Washington  Land,  Greenland 

LI. 

Graf  and  Dixon  1986 

Duoro  Fm. 

Carbon. 

Devon  Island,  N.W.T. 

Lu. 

Jones  and  Dixon  1976 

Read  Bay  Fm. 

Carbon. 

Somerseth  Island,  N.W.T. 

Lu. 

Larsson  and  Stearn  1986 

Severn  River  Fm. 

Carbon. 

Hudson  Bay 

LI. 

Sami  and  Desrochers  1992 

Becscie  Fm. 

Carbon. 

Anticosti  Island,  Que. 

LI. 

" 

Merrimack  Fm. 

Carbon. 

" 

LI. 

Pratt  and  Miall  1993 

Amabel  Fm. 

Carbon. 

southern  Ontario 

We. 

Anastas  and  Coniglio  1993 

Manitoulin  Fm. 

Carbon. 

southern  Ontario 

LI. 

Brett  1983 

Rochester  Shale 

Silicicl. 

New  York,  Ontario 

We. 

O'Brien  et  al.  1994 

Lewiston  Mb., 
Rochester  Shale 

Silicicl. 

New  York 

We. 

Duke  1982;  Duke  et  al.  1991 

Medina  S.s. 

Silicicl. 

New  York,  Ontario 

LI. 

Kleussendorf  and  Miculic  1994; 
Watkins  et  al.  1994 

Brandon  Bridge  Fm. 

Carbon 

Walworth  Co.,  Wisconsin 

LI. 

Kuglitsch  1994 

Byron  Dol. 

Carbon. 

Waukesha  Co.,  Wiscon. 

LI. 

Hendricks  Fm. 

Carbon. 

// 

LI. 

Harris  and  Sheehan  1996 

Laketown  Dol. 

Carbon. 

Great  Basin,  USA 

LI. 

Kahle  and  Stevenson  1988 

Greenfield  Dol. 

Carbon. 

southern  Ohio 

Lu./Pr. 

Cotter  1983 

Tuscarora  Fm. 

Silicicl. 

Pennsylvania 

LI. 

Cotter  1979,  1988;  Cotter  and  Link 

Rose  Hill  Fm, 

Silicicl. 

Pennsylvania 

We. 

1993 

Mifflington  Fm. 

Carbon. 

" 

We. 

Goldring  and  Bridges  1973;  Cotter 
1990 

Keefer  Mb. 

Silicicl. 

Pennsylvania 

We. 

Meyer  et  al.  1992 

Keefer  Sandstone 

Silicicl. 

West  Virginia,  Maryland 

We. 

Dorobek  and  Read  1986 

Keyser  Fm. 

Carbon. 

Maryland,  Virginia 

Pr. 

Clifton  Forge  Ss. 

Silicicl. 

Virginia 

Pr. 

Dehler  1994 

No  name 

Mix 

Idaho 

Pr. 

Driese  1986 

Rockwood  Fm. 

Silicicl. 

Tennessee 

LI. 

Driese  et  al.  1991; 

Clinch  Sandstone 

Silicicl. 

Tennessee 

LI. 

Driese  1988 

Brassfield  Fm. 

Carbon. 

// 

LI. 

Phelps  1990 

Louisville  Fm. 

Carbon. 

Kentucky 

Lu. 

Baarli  et  al.  1992 

Red  Mountain  Fm. 

Silicicl. 

Birmingham,  Alabama 

LI. 

Ziegler  1989;  Bourker  and  Holland 
1996 

Red  Mountain  Fm. 

Silicicl. 

Georgia 

LI. 
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Table  1  (continued) 


Silurian  continent  and  references 

Unit 

Lithology 

Region 

Age 

Nealon  and  Williams  1988 

Lough  Muck  Fm. 

Silicicl. 

Galway,  Ireland 

We. 

Comrie  and  Caldwell  1993 

Ripogenus  Fm. 

Mix 

Maine 

LI. 

BALTICA 

Baarli  1988 

Solvik  Fm. 

Silicicl. 

Asker,  Oslo 

LI. 

// 

Solvik-Saelabonn  Fm. 

Silicicl. 

Sylling,  Norway 

LI. 

Braithwaite  et  al.  1995 

Saelabonn  Fm. 

Silicicl. 

Hadeland,  Norway 

LI. 

Whittaker  1973;  Thomsen  1982 

Saelabonn  Fm. 

Silicicl. 

Ringerike,  Norway 

LI. 

Moller  1987;  Johnson  1989 

Rytteraker  Fm. 

Carbon. 

Oslo  Region,  Norway 

LI. 

Worsley  et  al.  1983 

Bruflat  Fm. 

Silicicl. 

Ringerike,  Hadeland, 

We. 

// 

Malmoya  Fm. 

Carbon. 

Holmestrand 

We. 

Kershaw  1993 

Hemse  Group 

Carbon. 

Gotland 

Lu. 

Long,  1993 

Burgsvik  Beds 

Mix 

Gotland,  Sweden 

Lu. 

Nestor  1990 

Kuresaa  Fm. 

Carbon. 

Estonia 

Lu. 

// 

Kaugatuma  Fm. 

Carbon. 

Pr. 

GONDWANA 

de  Castro  et  al.  1991 

Tanezzuft  Fm. 

Silicicl. 

Murzuq  Basin,  Libya 

LI. 

“ 

Acacus  Fm. 

Silicicl. 

" 

Wen. 

SOUTH-CENTRAL  EUROPE 

Havlicek  and  Storch  1990 

Motol  Fm. 

Carbon. 

Sedlec,  Bohemia 

We. 

YANGTZE  PLATFORM 

Zhang  et  al.  1993 

Ninggiang  Fm. 

Carbon. 

NW  Sichuan 

LI. 

// 

Shihniulan  Fm. 

Carbon. 

SE  Sichuan 

LI. 

Alaska,  and  Kolyma  were  within  reach  of  winter  storms. 
Storms  in  the  higher  latitudes  in  the  southern  hemisphere 
were  weaker,  and  most  dominant  during  the  summer. 
They  made  landfall  on  the  western  margin  of  Gondwana 
at  about  45°  in  present-day  Arabia  and  the  northern  parts 
of  India,  southwest  Laurentia,  and  possibly  south-central 
Europe,  which  still  remained  close  to  Gondwana. 

The  Iapetus  and  the  Rheic  Oceans  were  closing  dur¬ 
ing  the  Wenlock,  thus  changing  the  zonal  flow  in  the  later 
Silurian  (Figure  4).  Wilde  et  al.  (1991)  showed  a  model 
where  the  storm  track  on  the  west  side  of  the  Taconic 
orogen  ceased  to  exist.  Baltica  moved  north,  nearer  to  the 
equator  and  was  less  affected  by  tropical  storms.  South- 
central  Europe  moved  gradually  further  north  towards  the 
equator.  By  Late  Silurian  time,  south-central  Europe  seems 
to  have  been  adjacent  to  the  southern  parts  of  Baltica  (Tait 
et  al.,  1994),  and  thus  well  in  the  hurricane  belt.  Parts  of 
Australia  moved  further  into  the  zone  between  5°  and  the 
equator,  which  is  a  zone  with  low  cyclonic  activity  due  to  a 
lack  of  necessary  vorticity  (Barron,  1989). 

Comparison  of  literature  survey  results  with 

PALEOCLIMATE  MODEL. — For  Llandovery  time,  the  storm 
records  identified  in  the  literature  occurred  in  areas  pre¬ 


dicted  by  modeling,  with  one  exception.  The  exception  is 
the  occurrence  of  tempestites  in  the  Yangtze  Basin  of 
South  China.  The  climate  model,  however,  indicates 
many  areas  where  storm  deposits  might  be  expected, 
although  none  were  found.  These  include  Siberia,  Kazak¬ 
stan,  Australia,  and  North  China  in  the  northern  hemi¬ 
sphere,  and  with  one  exception  in  each  region,  the  west 
coast  of  Gondwana  and  south-central  Europe  in  the 
southern  hemisphere. 

There  are  comparably  few  records  of  tempestites  for 
the  later  Silurian.  The  only  places  where  storms  are 
known  on  predicted  storm-battered  coasts  are  in 
Avalonia  and  the  northern  parts  of  Laurentia.  Baltica  was 
predicted  to  move  into  the  quiet  equatorial  zone,  but 
tempestites  continued  to  be  deposited  there.  The  most 
notable  deviation  between  the  climate  model  and  avail¬ 
able  literature  for  the  later  Silurian  is  the  many  occur¬ 
rences  of  tempestites  that  occur  west  of  the  Taconic 
orogen. 

Discussion  of  the  paleoclimate  model.— Lack  of  re¬ 
corded  tempestites,  apart  from  human  shortcomings,  are 
attributed  to  areas  with  fair-weather  conditions,  presence 
of  deep-water  facies,  and  lack  of  outcrops.  The  areas  of 
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predicted  fair-weather  conditions  are  strongly  dependent 
on  correct  paleogeographic  maps.  Here  we  start  with  the 
assumptions  that  the  simulated  climate  model  and  the  pa¬ 
leogeographic  reconstruction  it  depends  on  are  correct.  Can 
we  explain  the  lack  of  tempestites  on  storm-ridden  coasts  by 
presence  of  deep-water  facies  or  lack  of  outcrops? 

The  Silurian  is  an  interval  with  widespread 
graptolitic  black  shales  and  organic-rich  source  rocks 
mainly  deposited  in  deeper  waters,  especially  in  the 
Llandovery  Series.  According  to  climate  modeling  for  the 
Wenlock  Series  by  Moore  et  al.  (1993),  the  coast  of 
Gondwana,  including  south-central  Europe,  coincided 
with  the  zone  of  the  westerlies  and  experienced  strong 
up-welling.  Large  areas  of  this  shelf  were  flooded,  and 
Silurian  black  shale  is  very  common.  Other  basins  with 
graptolitic  black  shale  include  parts  of  northern  and  east¬ 
ern  Baltica,  the  northern  margin  of  Laurentia  (including 
Kolyma  and  the  island  arcs  off  the  western  coast),  and 
parts  of  the  South  China  Platform  and  eastern  Australia. 
Very  few  tempestites  were  found  here,  as  expected.  The 
occurrences  in  South  China  and  in  south  central  Europe 
are  late  Llandovery  and  late  Wenlock,  respectively,  when 
shallow  carbonate  deposition  resumed.  The  Gondwana 
occurrence  was  in  the  small,  isolated  Murzuq  Basin  of 
Libya.  The  black  shale  basins  were  generally  not  exceed¬ 
ingly  deep,  and  the  coasts  of  Gondwana  and  Baltica  are 
predicted  by  the  climate  model  to  be  in  the  track  of  major 
storms.  Brett  et  al.  (1993)  reported  that  the  water  depth 
probably  did  not  exceed  50-100  m  either  in  the  Eurafrican 
or  South  China  Platform  basins.  In  order  to  maintain  a 
thermocline  in  such  shallow  basins,  storm  activity  must 
have  been  low  to  moderate. 

The  later  Silurian  was  marked  by  local  uplift  in  Afri¬ 
can  Gondwana,  western  Baltica,  and  the  South  China 
Platform.  The  North  China  Platform  was  an  area  of  little 
or  no  deposition  throughout  the  Silurian.  Through  the 
later  Silurian,  there  was  a  general  drop  in  sea-level  that 
transformed  many  epicontinental  shelves  into  areas  of 
vast  evaporite  or  tidal-sediment  deposition,  as  men¬ 
tioned  above.  The  recorded  lack  of  tempestites  is  thus  ex¬ 
plained  by  deeper  water  deposits  and  lack  of  outcrops, 
with  the  exceptions  of  Siberia,  Kazakstan,  Kolyma,  east- 
central  Europe,  and  eastern  Australia. 

Part  of  the  explanation  for  the  lack  of  tempestites  in 
eastern  Australia,  south-central  Europe,  Siberia,  and 
Kazakstan  surely  lies  in  the  inaccessibility  or  non-empha¬ 
sis  of  tempestites  in  the  literature.  However,  there  may  be 
other  explanations  at  least  for  Siberia  and  Kazakstan. 

The  Silurian  paleogeographic  position  of  Siberia 
and  Kazakstan  is  still  very  much  in  question.  Tradition¬ 
ally  (e.g.,  McKerrow  et  al.,  1991),  Siberia  is  depicted  in  an 
inverted  position  (Figure  2),  with  large  parts  north  of  30°. 
Episodic  reef  and  carbonate  deposition  did  occur  there 


throughout  the  Silurian  in  the  Altai  region  (Yolkin,  1996). 
With  Siberia  in  an  inverted  position,  these  reefs  would  be 
far  north  of  any  other  known  Silurian  reefs.  Rotating  Si¬ 
beria  nearly  back  to  its  present-day  position  would  bring 
the  Altai  region  within  30°.  This  would  also  create  the 
same  problem  on  the  main  Siberian  platform,  which  also 
has  thick  carbonate  sequences  throughout  the  Silurian. 
There  is  no  room  to  move  Siberia  equatorward,  so  per¬ 
haps  it  was  in  another  position  altogether.  On  the  basis  of 
reef  growth  during  the  Silurian,  Copper  and  Brunton 
(1991)  concluded  that  not  only  was  Siberia  in  the  wrong 
position,  but  Kazakstan  was  placed  on  the  wrong  side  of 
equator.  In  addition  the  northeast  China,  Malaysian,  and 
Australian  plates  ought  to  be  further  away  from  the 
tropical  belt.  Some  of  these  conclusions  are  controversial 
(Sengor  et  al.,  1993;  Dalziel,  1994;  Baarli,  1995  for  Kazak¬ 
stan;  Wang  and  Chen,  1991,  for  Asia  and  Australia).  This 
situation  illustrates  the  continuing  state  of  uncertainty  in 
paleogeographic  reconstructions. 

The  literature  review  revealed  two  tempestite  loca¬ 
tions  that  are  unanticipated  by  the  model.  The  interior  of 
Laurentia,  and  especially  the  west  side  of  the  Taconic 
orogen  have  tempestites  in  the  Llandovery,  as  predicted 
by  the  model,  and  also  through  the  Wenlock  and  even 
higher  in  the  Silurian.  The  South  China  Platform  also 
records  tempestites  in  the  latest  Llandovery,  in  spite  of  its 
position  in  the  lee  of  Gondwana. 

The  Taconic  orogen  would  have  to  have  been  nearly 
parallel  to  the  equator  in  Silurian  time,  but  sufficiently 
south  of  it  to  be  in  the  hurricane  belt.  In  treating  the  Lower 
Silurian  of  East  Tennessee,  Driese  et  al.  (1991)  favored  a 
zone  of  hurricane  formation  in  the  Iapetus  Ocean  that 
tracked  southwestward  along  the  basin  axis  and  in  the  lee 
of  the  Taconic  orogen,  as  predicted  by  Wilde  et  al.  (1991). 
Driese  et  al.  (1991)  also  mentioned  the  possibility  of  rare, 
mid-latitude  winter  storms  that  tracked  northwestward. 
As  Marsaglio  arid  de  Vries  Klein  (1983),  they  did  not  ex¬ 
clude  formation  of  hurricanes  on  an  interior,  shallow,  con¬ 
tinental  platform.  The  two  last  possibilities  would  still  be 
valid  for  the  later  Silurian,  when  the  Iapetus  Ocean  nar¬ 
rowed.  The  paleogeographic  model  of  Dalziel  et  al  (1994) 
is  very  different  from  the  one  used  by  Wilde  et  al.  (1991). 
They  imply  a  collision  of  Laurentia  and  South  America 
during  Ordovician  time  to  create  the  Taconic  orogen.  In 
this  model,  mid-latitude  storms  that  tracked  north  would 
probably  be  of  little  importance,  because  there  was  no 
ocean  between  Gondwana  and  Laurentia.  The  closure  of 
the  Iapetus  Ocean,  however,  is  inferred  to  have  happened 
further  north  in  Laurentia,  and  left  open  ocean  to  the  east 
of  the  Taconic  orogen,  where  hurricanes  also  may  also 
have  formed  in  later  Silurian  time. 

The  paleogeography  of  southeast  Asia  is  very  much 
in  question.  In  the  model  of  Wilde  et  al.  (1991)  there  is  a 
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possibility  that  intense  mid-latitude  storms  traveled  up 
the  west  coast  of  Gondwana  and  reached  China.  China  is 
so  close  to  the  equator,  however,  that  this  is  not  very 
plausible.  The  Indochina  and  Malaysian  platforms  are 
positioned  north  of  the  South  China  Platform  in  the  re¬ 
construction  of  Wilde  et  al.  (1991),  and  partly  sheltered  it 
from  storms.  The  former  two  platforms  are,  however,  po¬ 
sitioned  south  of  the  South  China  Platform  in  a  recon¬ 
struction  by  Wang  and  Chen  (1991),  while  the  South 
China  Platform  is  placed  north  of  the  equator.  In  this  po¬ 
sition,  parts  of  the  South  China  platform  would  lie  in  the 
hurricane  track. 

In  summary,  places  not  recorded  in  this  study  but 
likely  to  yield  Silurian  tempestites  are  southeast  Austra¬ 
lia,  south-central  Europe,  Kolyma,  and  probably  Siberia 
and  Kazakstan.  This  assumes  these  regions  are  placed  in 
their  correct  paleogeographic  position. 

Conclusions 


Data  for  the  Llandovery  Series  illustrate  a  good  fit  of 
sea-level  curves  derived  from  proximality-trend  analysis 
and  the  Silurian  standard  sea-level  curve  (Johnson,  1996). 
Proximality-trend  analysis  is  thus  a  valid  method  for  de¬ 
tecting  sea-level  cycles,  if  applied  with  caution.  Caution 
should  also  be  used  in  attempting  such  analyses  in  tec¬ 
tonically  active  areas,  in  situations  of  sediment  by-pass 
on  shallow  shelves,  and  in  situations  with  sediment  star¬ 
vation  after  major  flooding  episodes.  It  should  preferably 
be  combined  with  other  bathymetric  methods  of  interpre¬ 
tation.  A  first-order  proximality  curve  may  commonly  be 
compared  to  the  third-order  eustatic  cycles  of  Vail  et  al. 
(1977),  while  the  highest  order  proximality  curve  com¬ 
pares  to  the  fifth-order  eustatic  curve  of  Vail  et  al.  (1977) 
or  to  Milankovitch  sea-level  cycles. 

Review  of  the  literature  implies  a  strong  decrease  in 
the  occurrence  of  tempestites  through  the  Silurian.  This 
may  be  explained  by  the  decreasing  durations  of  the  indi¬ 
vidual  series,  and  by  a  lower  global  sea-level  towards  the 
end  of  the  Silurian.  All  the  sites  found  in  the  literature 
search,  with  only  two  exceptions,  occurred  in  places 
where  storm  deposits  were  predicted  by  the  paleo- 
climatic  model.  The  exceptions  were  Llandovery  tem¬ 
pestites  on  the  South  China  Platform  and  Wenlock  to 
Upper  Silurian  tempestite  deposits  on  the  west  side  of  the 
Taconic  orogen.  A  different  paleogeographic  position 
may  explain  the  former,  while  formation  of  hurricanes  on 
the  epicontinental  platform  or  exceptionally  strong 
mid-latitude  storms  may  explain  the  latter. 

The  use  of  paleoclimatic  models  points  out  many 
additional  coasts  not  identified  in  the  literature  study 
where  tempestites  may  be  expected  to  be  common.  Many 


of  these  places  experienced  non-deposition  because  of 
exposure,  or  they  were  deeper-water  areas  below  the  nor¬ 
mal  zone  of  tempestite  deposition.  Lack  of  investigation 
of  Silurian  tempestites,  or  bias  in  the  availability  of  litera¬ 
ture  on  a  region-by-region  basis,  are  probably  most  sig¬ 
nificant  in  the  constraints  of  this  review.  Uncertainty  in 
paleogeographic  position  is  another  possible  reason  for 
the  scarcity  of  findings. 
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ABSTRACT — This  report  summarizes  Early  Silurian 
(Llandovery-early  Wenlock)  sequences,  events,  and  biostratigra¬ 
phy  of  the  Appalachian  foreland  basin  (AFB)  in  eastern  North 
America.  The  four  Llandovery  and  the  early  Wenlock  eustatic 
cycles  are  recognized  throughout  the  AFB.  They  form  third-order 
depositional  sequences  that  are  synchronous  with  current  bios- 
tratigraphic  resolution,  and  display  marked  similarities  along 
the  northeast-southwest  depositional  strike.  Sequence  I 
(Rhuddanian-early  Aeronian)  is  siliciclastic-dominated 
(Medina  [New  York,  Ontario],  Tuscarora  [Pennsylvania,  Mary¬ 
land,  Virginia],  and  Clinch  [Tennessee]  Formations),  with  a 
transgressive  sandstone  that  overlies  the  Ordovician  at  the 
Cherokee  Unconformity.  Gray  sandy  shales  that  reflect  tectoni¬ 
cally  induced,  early  Rhuddanian  marine  incursion  generally  oc¬ 
cur  in  the  lower  third  of  Sequence  1.  Sequence  II  (middle-late 
Aeronian;  lower  Clinton  Group  [New  York];  lower  Rose  Hill 
Shale  [central  Appalachians];  middle  member  of  Rockwood  and 
Red  Mountain  Formations  [Tennessee,  Alabama])  is  character¬ 
ized  by  fine-grained  siliciclastics,  carbonates,  and  ferruginous  to 
phosphatic  shell-rich  beds  that  mark  flooding  surfaces.  Sequence 

III  (lower-middle  Telychian)  comprises  green-maroon  shales 
and  ferruginous  to  phosphatic  sandstones  (Sauquoit-Otsquago 
[New  York],  middle  Rose  Hill  [central  Appalachians],  upper 
member  of  Rockwood-Red  Mountain  Formations,  in  part  [Ten¬ 
nessee,  Alabama]).  The  Sequence  II-III  boundary  appears  con¬ 
formable  in  the  central  Appalachians,  where  sandstones  of  a 
lowstand  wedge  or  shelf  margin  systems  tract  (Cabin  Hill  Mem¬ 
ber)  occur  in  the  Rose  Hill  Shale.  The  thin,  distinctive  Sequence 

IV  (late  Telychian-earliest  Wenlock)  overlies  a  prominent,  re¬ 
gional  angidar  unconformity  that  truncates  parts  of  Sequences 
I-III  in  the  northwestern  part  of  the  basin  (New  York,  Ontario, 
Ohio,  Kentucky).  Center  Member  sandstones  of  the  Rose  Hill 


may  again  record  lowstand  progradation  in  the  basin  center. 
Oolitic  ironstones  (e.g.,  Westmoreland  Iron  Ore  [New  York]) 
and  carbonates  mark  the  transgressive  systems  tract  and  con¬ 
densed  section  of  Sequence  IV.  Overlying  dark  gray,  fossiliferous 
shales  (Williamson-Willowvale  [New  York],  uppermost  Rose 
Hill  [central  Appalachians],  and  upper  Rockwood-Red  Moun¬ 
tain  [southern  Appalachians])  record  the  deepest  water  facies 
(Benthic  Association  3-5)  in  most  sections.  Sequence  V  (early 
Wenlock-Sheinwooian)  records  renewed  influx  of  coarser-grained 
siliciclastics  (Herkimer-Keefer  Sandstones)  that  possibly  reflects 
foreland  basin  flexure  and  regression.  Overlying  dark  gray  slmles 
(Rochester-Mijflintown)  record  middle  Wenlock  highstand. 

Proximal  ferruginous  and  distal  phosphatic  shell-rich 
beds  are  regional  markers  in  the  AFB  Loiver  Silurian.  An  asso¬ 
ciation  with  condensed  sections  indicates  that  they  record  sedi¬ 
ment  starvation  during  transgressions.  Chamositic  precursors 
of  hematites  and  phosphorites  formed  near  sediment  redox 
boundaries,  but  oolitic  hematites  seem  to  occur  in  more  agi¬ 
tated,  better-oxygenated  settings  than  phosphorites.  Ironstone 
and  phosphorite  development  was  favored  by  tectonic  quies¬ 
cence.  Global  sea-level  maxima  are  coeval  with  the  major  ma¬ 
rine  incursions  of  the  transgressive  or  highstand  systems  tracts 
of  the  large-scale  depositional  sequences  in  the  AFB.  Sea-level 
maxima  are  marked  by  ferruginous  or  phosphatic  shelly  beds. 


Introduction 


Sedimentary  cycles  of  various  scales  have  long  been  rec¬ 
ognized  by  stratigraphers.  Large-scale,  unconformity- 
bound  Phanerozoic  sequences  were  first  described  in 
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North  America  by  Wheeler  (1958)  and  Sloss  (1963).  Vail  et 
al.  (1977)  noted  similar  unconformity-bound  sequences 
in  the  sedimentary  prisms  of  passive  continental  mar¬ 
gins,  and  suggested  a  global,  probably  eustatic  control  on 
these  cycles.  However,  only  recently  have  workers  at¬ 
tempted  regional/ global  correlation  of  apparent  Paleo¬ 
zoic  cycles.  In  particular,  Dennison  and  Head  (1975), 
McKerrow  (1979),  Johnson  et  al.  (1985, 1991a,  1991b),  and 
Johnson  (1987,  1996)  have  focused  attention  on  the  wide¬ 
spread,  possibly  global  nature  of  sedimentary  cycles  at¬ 
tributable  to  relative  sea-level  changes  in  several  Silurian 
basins  of  North  America,  Great  Britain,  and  China.  These 
cycles  have  been  defined  and  correlated  largely  on  the 
basis  of  paleontological  evidence  (Figure  1).  In  particular, 
workers  have  used  the  onshore-offshore  spectrum  of 
benthic  assemblages  first  worked  out  by  Ziegler  (1965) 
and  Ziegler  et  al.  (1968)  to  reconstruct  the  relative 
bathymetry  of  stratigraphic  successions.  Relative 
highstands  and  lowstands  have  then  been  correlated  re¬ 
gionally  and  globally  on  the  basis  of  biostratigraphy. 
Other  researchers  have  applied  a  mixture  of  bio-,  se¬ 
quence,  and  event  stratigraphy  to  recognize  and  correlate 
Silurian  sedimentary  cycles  regionally  (e.g.,  Brett  et  al., 
1990;  Ross  and  Ross,  1996;  Witzke  et  al.,  1996;  Chowns, 
1996).  Recently,  Ruppel  et  al.  (1996)  have  recognized  a 
cyclic  signature  in  Lower  and  middle  Silurian  rocks  that 
is  recorded  by  fluctuations  of  strontium  isotopic  ratios  in 
conodonts.  Fluctuations  in  87Sr/  86Sr  apparently  corre¬ 
spond  to  sea-level  fluctuations,  with  relative  lowstands 
(regressions)  coinciding  with  increases  in  the  ratio,  and 
highstands  with  abrupt  decreases  (Montanez  et  al.,  1996). 
In  particular,  there  appears  to  be  a  close  relationship 
between  excursions  in  the  87Sr/86Sr  curve  and  sequence 
boundaries  (Ruppel  et  al.,  1996). 

Such  lines  of  evidence  suggest  a  strong  allocyclic 
and  probable  eustatic  control  on  the  stratigraphic  record 
of  Silurian  marine  basins.  However,  precise  identification 
and  correlation  of  specific  sea-level  events  over  many  co¬ 
eval  basins  must  be  done  before  the  role  of  eustasy  in 
governing  Silurian  stratigraphic  architecture  can  be  de¬ 
fined  unambiguously.  Additional  detailed  work  remains 
to  be  completed  in  many  of  the  classic  areas,  such  as  the 
Appalachian  foreland  basin  (AFB).  In  particular,  several 
key  issues  require  resolution.  How  well  can  the  larger- 
scale  cycles  be  recognized  regionally,  and  how  did  the 
sedimentary  response  vary  locally?  Can  smaller-scale, 
higher-order  cyclicity  be  recognized  and  correlated  re¬ 
gionally  within  a  single  basin?  Are  various  previously 
identified  lithostratigraphic  units,  including  such  marker 
beds  as  widespread  shell  beds,  phosphatic  nodules,  and 
oolitic  hematites,  related  to  these  large-  and  smaller-scale 
cycles?  Finally,  how  is  the  global  cyclicity  recognized  by 


Johnson  (1996;  Figure  1)  related  to  locally  identified 
depositional  sequences  and  their  bounding  surfaces? 

The  paradigm  of  sequence  stratigraphy  provides  a 
process-oriented  perspective  for  analysis  of  stratigraphic 
successions.  The  recognition  by  seismic  stratigraphers  of 
widespread  seismic  reflectors  proved  the  existence  of 
regionally  extensive  surfaces  that  cross-cut  facies  belts 
within  sedimentary  prisms  (Vail  et  al.,  1977).  Several 
distinctive  types  of  surfaces  came  to  be  recognized: 
a)  erosion  surfaces  developed  during  sea-level  low- 
stands;  b)  transgressive  ravinement  surfaces,  which  com¬ 
monly  merge  with  sequence  boundaries;  and  c)  surfaces 
of  sediment  starvation  or  maximum  flooding  surfaces 
that  may  be  associated  with  thin  condensed  intervals 
(Vail  et  al.,  1977,  1991;  Wilgus  et  al.,  1988;  Emery  and 
Meyers,  1996,  and  references  therein).  Thus,  distinctive 
stratigraphic  surfaces  were  effectively  linked  to  synchro¬ 
nously  and  dynamically  changing  marine  environments 
in  response  to  relative  sea-level  change. 

This  concept  of  eustatic  control  on  facies  change 
contradicted  the  entrenched  thinking  that  stratigraphic 
patterns  were  largely  artifacts  of  intrinsic  depositional/ 
sedimentologic  processes  operating  independently  in 
specific  environmental  settings.  Application  of  this  fa¬ 
cies-model  approach  led  many  sedimentary  geologists  to 
view  the  stratigraphic  record  as  a  mosaic  of  local  lenticu¬ 
lar  sedimentary  bodies  with  little  lateral  continuity  and 
little  or  no  relationship  to  similar-appearing  beds  in  other 
sections.  Earlier  attempts  to  link  marker  horizons  into  a 
regional  framework  were  viewed  with  suspicion  and 
commonly  castigated  as  antiquated  "layer-cake  stratigra¬ 
phy",  although  in  many  cases  the  early  attempts  were 
based  on  strong  empirical  evidence.  With  its  renewed 
emphasis  on  through-going  discontinuities  and  con¬ 
densed  beds,  the  sequence  approach  has  encouraged  a 
broader,  more  regional  view  of  stratigraphy  and  an  ap¬ 
preciation  of  the  genetic  significance  of  particular  beds 
and  surfaces.  To  some  degree,  it  vindicates  the  earlier 
"layer-cake"  stratigraphic  approach.  Sequence  stratigra¬ 
phy,  originally  developed  from  remote  seismic  studies  of 
passive  margin  sedimentary  wedges,  is  now  being 
applied  at  an  outcrop  scale  to  diverse  depositional  set¬ 
tings,  including  Early  to  Middle  Paleozoic  epicratonic 
and  peripheral  foreland  basins  (Brett  et  al.,  1990;  Witzke 
et  al.,  1996,  and  references  therein). 

Silurian  strata  of  the  north-central  to  northern  AFB 
(Figure  2)  provide  an  excellent  field  laboratory  for  appli- 


FIGURE  1 — (opposite)  Silurian  sea-level  curve  and  graptolite  and 
conodont  biostratigraphy.  Note  the  positions  of  highstands  1-5  in 
Llandovery  and  Wenlock.  After  Johnson  (1996). 
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FIGURE  2 — Map  of  Appalachian  region  with  key  localities.  Lines  show 
orientation  of  depositional  strike  and  position  of  Appalachian  Foreland 
Basin  (without  palinspastic  restoration)  and  forebulge  during  the  Early 
Silurian.  Facies  belts  numbered:  1,  marine  shoreface  and  shelf  sand 
complexes;  2,  ;  3,  terrigenous  mud  and  storm  sands  ("Rose  Hill  shelf 
lagoon");  4,  mixed  carbonate,  ironstone,  and  mudrock;  5,  carbonate 
shelf.  Sections  referred  to  in  text  indicated  by  letters:  A,  Hamilton, 
Ontario;  B,  St.  Catharines,  ON;  C,  Niagara  Gorge,  ON-NY;  D, 
Rochester,  NY;  E,  Sodus,  NY;  F,  Clinton-Utica,  NY;  G,  Shawangunk 
Mountains,  NY-PA;  H,  Lock  Haven,  Mill  Hall,  PA;  I,  Allenwood,  PA;  J, 
Danville,  PA;  K,  Millerstown,  PA;  L,  Harrisburg,  PA;  M,  Cumberland, 
MD-Keyser,  WV;  N,  Huntersville,  WV;  0=  Massanutten  Mountain,  VA; 
P=  Clifton  Forge,  VA;  Q,  Roanoke,  VA;  R,  Duffield,  VA;  S,  Cumberland 
Gap,  VA-TN-KY;  T,  Clinch  Mountain,  TN;  U,  Tiftonia,  TN;  V,  Ringgold 
Gap,  GA;  W,  Gadsden,  AL;  X,  Birmingham,  AL. 


cation  of  sequence-stratigraphic  models.  The  strata  are 
well-exposed,  and  display  marked  vertical  facies  changes 
that  are  commonly  associated  with  distinctive  condensed 
beds  and/or  discontinuities.  Unfortunately,  truncation  of 
the  Upper  Siliurian  (Ludlow-Pridoli)  in  the  southern 
Appalachians  at  the  Salinic  and/or  Wallbridge  Uncon¬ 
formities  precludes  basin-wide  study  through  this  inter¬ 
val.  However,  the  Llandovery  and  lower  Wenlock  are 
better  preserved  and  adequately  exposed  in  several  key 
outcrop  areas  along  the  Appalachian  trend  to  permit 
intrabasinal  comparison.  Preliminary  study  indicates  that 
biostratigraphically  dated  sections  from  Alabama  to  New 
York  (Berry  and  Boucot,  1970)  display  similarities  in  fa¬ 
cies  and  stacking  patterns  that  suggest  regional  persis¬ 
tence  of  unconformity-bounded  intervals  and  condensed 
beds  at  least  along  depositional  strike.  Although  some 
earlier  workers  recognized  these  fundamental  similari¬ 
ties  of  beds  and  stacking  patterns  of  facies  (e.g.,  Swartz, 
1923,  1934a,  1934b;  Swartz  and  Swartz,  1931;  Gillette, 


1947;  Huii ter,  1970),  there  has  been  little  attempt  to  make 
additional  detailed  correlations  between  the  classic 
sections  in  upstate  New  York  and  those  of  the  central  and 
southern  Appalachians  (Figure  2). 

Tire  historic  lack  of  emphasis  on  correlation  within 
the  AFB  can  be  attributed  to  several  factors.  First,  few 
stratigraphers  have  studied  the  sections  over  a  broad 
region.  As  a  consequence,  geologists  who  specialize  in 
particular  regions  have  developed  discrete  provincial  ter¬ 
minologies  and  approaches  that  render  a  patchwork 
stratigraphic  nomenclature  to  the  Silurian-age  basin  fill. 
Secondly,  studies  that  compared  strata  in  different  re¬ 
gions  rarely  emphasized  the  importance  of  depositional 
strike.  Thus,  for  example,  a  comparison  of  the  Silurian  of 
the  central  Appalachians  with  the  classic  Niagaran  sec¬ 
tions  of  western  New  York  suggests  little  similarity,  with 
the  exception  of  the  Rochester  Shale.  Conversely,  detailed 
comparison  of- the  central  Appalachians  with  the  poorly 
exposed,  short  sections  of  central  New  York  (Brett  et  al., 
1990)  revealed  many  similarities — indeed,  a  bed-for-bed 
correlatibility.  This  persistence  of  facies  over  several  hun¬ 
dred  kilometers  along  depositional  strike  reflects  the  tre¬ 
mendous  continuity  of  litho-  and  biofacies  belts  in  the 
AFB.  During  the  Silurian,  the  eastern  shoreline  and  axis 
of  the  foreland  basin  trough  were  oriented  approximately 
northeast-southwest  (Figure  2).  Hence  strata  exposed  in 
the  Valley  and  Ridge  Province  of  Pennsylvania  and 
Maryland  display  facies  comparable  to  those  seen  east  of 
Syracuse,  New  York.  Similarly,  Alabama  and  east  Tennes¬ 
see  facies  can  more  readily  be  compared  with  strata  in  the 
central  Appalachians  than  those  found  in  intervening 
stretches  along  the  main  Appalachian  trend  in  most  of 
Virginia  (Figure  2).  A  third  reason  for  lack  of  detailed  cor¬ 
relations  along  the  full  length  of  the  AFB  is  that  workers 
in  the  different  areas  have  developed  independent  work¬ 
ing  methodologies  and  "philosophies"  as  to  how  stratig¬ 
raphy  should  be  approached.  For  example,  because  of  an 
early  emphasis  on  bounding  marker  beds,  the  definitions 
of  stratigraphic  units  identified  in  New  York  State  and 
Maryland  were  fundamentally  similar  to  sequence  strati¬ 
graphic  or  allostratigraphic  units.  Hence,  the  same  name 
was  commonly  applied  to  an  interval  if  it  was  bounded 
by  similar  markers  over  a  large  region,  even  if  the  lithol¬ 
ogy  between  the  markers  varied  substantially  over  the 
region.  In  contrast,  workers  in  Pennsylvania  and  parts  of 
the  southern  Appalachians  have  tended  to  combine  var¬ 
ied,  thin  units  into  larger  heterolithic  formations  for  con¬ 
venience  in  mapping.  In  a  very  real  sense,  many  funda¬ 
mental  similarities  in  Silurian  sections  with  disparate 
nomenclatures  have  been  overlooked  because  the  strata 
have  been  subdivided  differently  and  because  nearly 
identical  strata  masquerade  under  different  names  in  dif¬ 
ferent  areas. 
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FIGURE  3 — Early  Silurian  paleogeography  of  Laurentia.  Note  position  of  Appalachian  Foreland  Basin  from  about  23°S  in  New  York  (NY)  to  30°S 
Tennessee  (TN);  hypothetical  storm  tracks  are  indicated  (L).  Modified  from  Driese  et  al.  (1991). 


Development  of  a  detailed  Silurian  sea-level  curve 
for  the  AFB  is  a  major  objective  of  this  report.  In  recent 
years,  workers  in  parts  of  the  Appalachians  from  New 
York  to  Alabama  have  undertaken  detailed,  local  to  re¬ 
gional  studies  of  Silurian  facies  and  their  arrangement 
into  stratigraphic  cycles.  Until  recently,  however,  rela¬ 
tively  little  effort  has  been  expended  to  synthesize  se¬ 
quence  stratigraphy  of  Silurian  strata  throughout  the 
entire  AFB.  Thus,  the  last  comprehensive  synthesis  is  the 
large-scale  lithostratigraphic  compilation  of  Hunter 
(1970),  who  reviewed  occurrences  of  ironstones  in  the 
Silurian  in  eastern  North  America  and  presented  impor¬ 
tant  cross-sections  through  the  northern  and  central  Ap¬ 
palachian  basin.  Dennison  and  Head  (1975)  inferred 
eustatic  sea-level  fluctuations  based  upon  existing  corre¬ 
lations  of  Silurian  and  Devonian  strata.  Building  upon 
these  reports,  various  workers  have  begun  to  synthesize 
the  details  of  local  sections  in  a  sequence-stratigraphic 
context  (Brett  et  al.,  1990;  Chowns  and  Bolton,  1993; 
Goodman  and  Brett,  1994;  Chowns,  1996;  Driese,  1996). 
Now  that  detailed  regional  studies  have  been  published, 
an  attempt  can  be  made  to  summarize  the  sequence 
stratigraphy  of  the  entire  foreland  basin. 

During  1996,  in  conjunction  with  the  Second  Inter¬ 
national  Symposium  on  the  Silurian  System,  a  regional 
field  conference  examined  Silurian  strata  from  Alabama 
to  New  York  (Figure  2).  In  the  resulting  publication 
(Broadhead,  1996),  local  researchers  documented  facies 


patterns  attributable  to  sea-level  changes  in  several  re¬ 
gions  from  Alabama  to  New  York  State.  Chowns  (1996) 
and  Baarli  et  al.  (1996)  presented  details  of  sequence 
stratigraphy  and  biostratigraphy  of  the  Red  Mountain 
Formation  in  northern  Alabama,  northwestern  Georgia, 
and  southeastern  Tennessee.  Driese  (1996)  summarized 
stratigraphic  relationships  and  facies  architecture  of  the 
Rockwood  and  Clinch  Formations  from  east  Tennessee  to 
southern  Virginia,  and  Diecchio  and  Dennison  (1996) 
summarized  Silurian  stratigraphy  in  central  to  northern 
Virginia.  Cotter  (1996)  summarized  the  Silurian  stratigra¬ 
phy  of  Pennsylvania,  and  Brett  and  Goodman  (1996)  de¬ 
scribed  the  Llandovery-Ludlow  of  the  northern  and 
north-central  parts  of  the  AFB  in  a  regional  sequence- 
stratigraphic  context.  One  outcome  of  this  survey  was  to 
reinforce  the  concept  of  basin-wide,  large-scale  sedimen¬ 
tary  cycles  and  certain  event  beds. 

In  this  report,  we  compare  the  sequence  stratigraphy 
of  the  various  regions  and  emphasize  the  persistence  of 
unconformities,  critical  marker  beds,  and  similarities  of  fa¬ 
cies-stacking  patterns  along  depositional  strike.  Where 
possible,  biostratigraphic  control  has  been  established  by 
traditional  brachiopod  and  ostracode  zonations  (Figures 
3-5)  established  by  Ulrich  and  Bassler  (1923),  Swartz  and 
Swartz  (1931),  and  Berry  and  Boucot  (1970),  and  the  re¬ 
cently  revised  conodont  zonation  of  Kleffner  (1989,  1991). 
The  international  biostratigraphic  zonation  for  the  Silurian 
(Johnson,  1996;  Figure  1)  has  limited  use  because  it  is 
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based  largely  on  graptolites,  which  are  rare  or  absent  in 
most  of  the  Appalachian  basin.  In  the  second  part  of  this 
report,  we  discuss  the  genesis  of  various  types  of  con¬ 
densed  facies,  especially  ferruginous  beds,  and  relate  them 
to  Silurian  sequence  stratigraphy.  The  final  part  of  this  re¬ 
port  reviews  examples  of  particular  condensed  beds,  fol¬ 
lowed  by  a  discussion  of  their  lateral  correlation  between 
regions  and  their  relationship  to  global  sea-level  events. 

Geological  Setting 


Tectonic  SETTING.— The  Appalachian  Foreland  Basin 
was  initiated  by  collisions  between  Laurentia  and  arc  ter¬ 
rains  in  the  Middle-Late  Ordovician  Taconic  orogeny, 
and  remained  an  actively  subsiding  northeast-trending 
(present-day  orientation)  depocenter  throughout  the  Sil¬ 
urian.  The  foreland  basin  intermittently  received 
siliciclastic  sediments  from  source  terrains  throughout 
this  period.  These  sediments  accumulated  in  subtropical 
climates  at  approximately  23°-30°  south  latitude  (see 
Driese  et  al.,  1991).  Tropical  storms  and  hurricanes  ex¬ 
erted  a  strong  influence  on  shelf  sedimentation  (Figure  3). 
A  final,  early  Llandovery  pulse  (tectophase)  of  the 
Taconic  orogeny  may  have  led  to  the  deposition  of 
coarse-grained  siliciclastic  wedges  of  the  lowest  Silurian 
Tuscarora,  Clinch,  Rockwood,  and  Medina  Groups  (Cot¬ 
ter,  1983;  Goodman  and  Brett,  1994;  Ettensohn  and  Brett, 
1996).  During  the  Early  to  Middle  Silurian,  the  foreland 
basin  appears  to  have  migrated  to  the  east  or  southeast, 
perhaps  in  response  to  a  phase  of  tectonic  quiescence  and 
thrust-load  relaxation  (see  Beaumont  et  al,  1988;  Good¬ 
man  and  Brett,  1994). 

An  abrupt  reversal  of  basin  axis  migration,  coinci¬ 
dent  with  uplift  and  erosional  truncation  of  a  broad 
forebulge,  occurred  in  the  late  Llandovery  (Brett  et  al., 
1990;  Ettensohn,  1992;  Goodman  and  Brett,  1994;  Etten¬ 
sohn  and  Brett,  1996).  This  episode  of  cratonic  upwarping 
and  reversal  in  direction  of  basin  axis  migration  also  coin¬ 
cided  with  an  influx  of  coarser-grained  siliciclastics 
(Keefer  Sandstone,  Herkimer  Formation,  upper  Shawan- 
gunk  Conglomerate,  Eagle  Rock  Sandstone).  This  evidence 
suggests  that  the  Middle  Silurian  (late  Llandovery-early 
Wenlock)  featured  a  new  pulse  of  tectonism,  herein  re¬ 
ferred  to  as  the  "Salinic  Orogeny",  along  the  eastern  mar¬ 
gin  of  Laurentia  (Ettensohn  and  Brett,  1996). 

Lithospheric  flexure  controlled  the  locus  of  the 
depocenter  and  the  deepest  portions  of  the  AFB,  and  pro¬ 
duced  local  erosional  effects  and  variations  in  accommo¬ 
dation  space.  Coarse-grained  siliciclastics  accumulated 
far  out  in  the  basin  during  times  of  more  active  thrusting. 
Deposition  of  siliciclastic  mudstones  and  carbonates  in 
basinal  areas  reflected  more  quiescent  interludes.  None¬ 


theless,  despite  these  locally  produced  tectonic  effects, 
Appalachian  Basin  Silurian  strata  display  widely  cor¬ 
rectable  cycles.  Within  the  existing,  although  admittedly 
crude,  biostratigraphic  resolution,  these  cycles  appear  to 
be  synchronous,  and  therefore  are  inferred  to  be  allo- 
cyclic  and,  quite  possibly,  eustatic  in  nature  (Dennison 
and  Head,  1975;  Johnson,  1987;  Brett  et  al.,  1990;  Johnson 
et  al.,  1991a,  1991b;  Goodman  and  Brett,  1994). 

Elements  of  Appalachian  Basin  sequences.— The  Sil¬ 
urian  of  the  Appalachian  foreland  basin  is  divisible  into 
sedimentary  cycles  of  varying  scales  and  motifs.  At  the 
broadest  scale,  the  Silurian-Lower  Devonian  of  the  Appa¬ 
lachian  Basin  can  be  assigned  to  the  upper,  or  Tutelo, 
holostrome  of  the  Tippecanoe  Super-sequence,  a  package 
bounded  below  by  the  latest  Ordovician-earliest  Silurian 
Cherokee  Unconformity,  and  above  by  the  Lower  Devo¬ 
nian  (Pragian)  Wallbridge  Unconformity  (Sloss,  1963; 
Dennison  and  Head,  1975).  Brett  et  al.  (1990)  defined  a  hi¬ 
erarchy  of  sedimentary  packages  that  can  be  adapted  to 
the  widely  used  "orders"  of  cyclicity  and  their  estimated 
recurrence  intervals  that  are  based  in  part  on  Milankovitch 
orbital  periods  (e.g.,  Vail  et  al.  1991;  Meyers  and  Milton, 
1996).  Although  we  recognize  that  such  classifications  may 
be  overly  simplistic  and  may  impose  an  artificial  hierarchy 
on  a  more  nearly  continuous  range  of  cycle  scales,  we  will 
use  this  terminology  to  indicate  the  approximate  magni¬ 
tude  of  cycles.  Accordingly,  we  consider  decimeter-scale 
rhythmic  alternations  in  certain  Silurian  facies  to  comprise 
sixth-order  cycles  with  durations  of  a  few  tens  of  thou¬ 
sands  of  years.  Decimeter-scale  cycles  may  be  bundled 
within  meter-scale  cycles  that  commonly  exhibit  an  asym¬ 
metrical,  shallowing-up  motif;  these  fifth-order  cycles 
probably  represent  auto-  or  allocyclic  fluctuations  of  about 
40,000-100,000  years.  In  the  parlance  of  sequence  stratigra¬ 
phy,  they  may  be  termed  parasequences. 

At  the  next  level,  parasequences  can  be  grouped 
into  packages,  or  the  "parasequence  sets"  of  Van  Wag¬ 
oner  et  al.  (1988).  Parasequence  sets  display  retrograding 
(back-stepping),  prograding,  or  aggrading  patterns,  and 
help  to  define  systems  tracts  of  larger  cycles  that  are  typi¬ 
cally  several  meters  in  thickness.  In  this  report,  we  focus 
on  these  larger  unconformity-bounded  genetic  units  that 
correspond  to  third-  and  fourth-order  depositional  se¬ 
quences.  For  this  reason,  some  of  the  more  generalized 
sea-level  curves  emphasize  abrupt  shallowing  surfaces 
(facies  dislocations)  and  not  the  minor  flooding  surfaces 
of  small-scale  parasequences.  Following  currently  used 
durations  for  these  scales  of  cycles  (e.g.  Meyers  and 
Milton,  1996),  we  suggest  that  fourth-order  cycles  repre¬ 
sent  about  0. 1-0.5  Ma,  while  third-order  cycles  span  0.5-3 
Ma;  this  is  a  slight  modification  of  the  durations  listed  by 
Brett  et  al.  (1990). 
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Fourth-order  sequences,  or  "subsequences"  (Brett  et 
al.,  1990),  are  bounded  by  sharp  facies  dislocations  (i.e. 
surfaces  at  which  shallower  facies  rest  directly  on  deeper- 
water  facies  [Meyers  and  Milton,  1996]).  These  were 
termed  "sea-level  drop  surfaces"  by  Brett  et  al.  (1990). 
Although  these  surfaces  may  not  represent  major  sub¬ 
aerial  unconformities,  their  sharpness  implies  that  transi¬ 
tional  shallowing-up  facies  have  been  truncated.  We  have 
used  the  terms  "relative  lowstand"  to  indicate  shallow 
water  (lowstand  to  transgressive),  and  "relative  high- 
stand"  to  indicate  deeper  but  shallowing-up  parts  of  the 
subsequences.  These  are  analogous  to  systems  tracts  of 
third-order  sequences. 

Third-order  sequences  are  bounded  by  larger  facies 
dislocations  and  demonstrable  erosional  truncation  sur¬ 
faces  that  probably  passed  upslope  into  subaerial 
unconformities.  In  some  cases,  such  as  the  sequence  III— 
IV  boundary,  these  unconformities  were  enhanced  by 
local  tectonic  uplift  of  basin  margins.  Although  we  are 
unable  to  map  the  complete  three-dimensional  geometry 
of  these  sequences,  the  widespread,  circum-basinal  na¬ 
ture  of  facies  dislocations  indicates  that  they  were  also 
produced  by  allocyclic  sea-level  fall  and  rise.  It  is  clear 
that  most  Silurian  third-order  sequences  are  actually 
"composite  sequences"  (i.e.,  composed  of  two  or  more 
fourth-order  sequences  that  typically  form  the  systems 
tracts  of  the  larger  sequence). 

Within  the  Silurian  AFB,  certain  widespread  strati¬ 
graphic  markers  can  be  related  to  sequence  stratigraphy. 
These  beds /intervals  fall  into  two  categories:  1)  bundles  of 
hummocky  to  trough  cross-stratified  sandstones  and  con¬ 
glomerates  in  otherwise  shaley  successions,  and  2)  con¬ 
densed  shell  and/or  ferruginous-phosphatic  beds.  The 
sandstone  bundles  form  basinward-thinning  tongues. 
They  may  occur  at  the  tops  of  gradationally  upward-coars¬ 
ening  successions,  or  they  may  display  sharp  bases  with 
coarse-grained  erosional-lag  conglomerates.  The  tops  of 
the  sandstone  bundles  are  typically  sharp,  and  may  be 
separated  from  overlying  shales  by  thin  condensed  beds. 
The  sandstone  wedges  appear  to  correlate  cratonward 
with  unconformities,  and  both  of  these  features  may  be  re¬ 
lated  to  relative  lowering  of  sea-level.  Depending  upon  the 
apparent  degree  of  erosion  on  the  upper  and  lower  bound¬ 
ing  surfaces,  the  sandstones  may  be  interpreted  either  as 
late  highstand  (regressive)  deposits  at  the  top  of  a  major 
cycle  or  lowstand  deposits  at  the  base  of  the  overlying 
large-scale  cycle  (Goodman  and  Brett,  1994). 

Thin,  shell-rich,  burrowed,  and  typically  ferrugi¬ 
nous  and/ or  phosphatic  beds  commonly  overlie  the 
sandstone  bundles  or  correlative  unconformities,  are  re¬ 
gionally  extensive,  and  appear  to  correlate  with  sea-level 
rises  of  a  basin-wide  scale.  Detailed  sedimentology,  pale¬ 
ontology,  and  mineralogy  of  these  beds  varies  gradually 


on  a  regional  scale  (i.e.,  some  beds,  which  in  western  sec¬ 
tions  are  thin  phosphatic  lags,  grade  laterally  into  oolitic 
hematites  to  the  southeast  [Hunter,  1970;  Brett  et  al.,  1990; 
LoDuca  and  Brett,  1994]).  However,  these  beds  collec¬ 
tively  display  features  that  indicate  sedimentary  conden¬ 
sation  on  environmental  to  biostratigraphic  time  scales 
(i.e.,  thousands  to  tens  of  thousands  of  years;  see  Kidwell, 
1991;  Kidwell  and  Bosence,  1991,  for  discussion  of  scales). 
Such  beds  are  associated  with  prolonged  intervals  of 
sediment  starvation  on  basin  ramps  produced  by  rela¬ 
tively  abrupt  sea-level  rise  and  alluviation  in  coastal  sedi¬ 
ment  traps.  As  such,  they  typically  mark  marine  flooding 
surfaces  of  varied  scales,  ranging  from  those  of  fifth- 
order  parasequence  bases  to  condensed  sections  at  the 
base  of  highstand  systems  tracts  of  large-scale,  third- 
order  depositional  sequences. 

By  integrating  new  data  on  biostratigraphy  with 
various  lithostratigraphic  indicators,  it  is  possible  to  re¬ 
construct  a  coherent  regional  framework  of  depositional 
sequences  and  cycles.  Synthesis  of  these  data  suggests 
that  previously  recognized  larger  cycles  (Johnson,  1996; 
Figure  1)  and  higher-order  (i.e.,  smaller-scale)  cycles  are 
recognizable  basin-wide  in  some  coastal  and  most  marine 
facies  belts.  Moreover,  various  condensed  beds  that  are 
recognized  locally  may  be  related  to  one  another  and 
used  to  identify  widespread  flooding  surfaces. 

Sequence  Stratigraphy  and 
Condensed  Beds  in  Silurian  Cycles 
of  Appalachian  Foreland  Basin 

In  the  following  sections,  we  summarize  the  stratigraphic 
relationships  of  the  Llandovery-Wenlock  from  New  York 
and  Ontario  southward  to  Alabama.  Similarity  of  cyclic 
stratigraphic  patterns  is  evident  in  most  exposures  of  the 
marine  facies  belts,  although  sometimes  obscured  in  sec¬ 
tions  proximal  to  the  southeastern  margin  due  to  the  ap¬ 
parently  high  influx  of  coarse-grained  siliciclastics.  We  also 
illustrate  examples  of  widespread  ferruginous  and/or 
phosphatic  shell-rich  beds  in  sections  from  New  York  to 
Alabama,  and  point  out  the  relationship  between  sequence 
and  systems  tract  boundaries  and  the  stratigraphic  posi¬ 
tion  of  these  beds.  Sequence  stratigraphy  of  Lower  Silurian 
strata  is  discussed  by  region  in  the  following  sections. 

Sequences  in  New  York,  Ontario, 
and  Ohio 


EARLIER  WORK. — The  Silurian  of  New  York  has  been 
studied  since  the  mid-1800s  (Vanuxem,  1839,  1840,  1842; 
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FIGURE  4 — Chronostratigraphy  of  Lower  Silurian  (Llandovery)  Sequences  I-IV  in  Ontario,  New  York,  and  northeast  Pennsylvania. 
Abbreviations  in  this  and  following  figures:  B.,  Bonnemaia ;  B.C.,  Bear  Creek  Shale;  DH,  Devils  Hole  Sandstone;  DOL.,  dolostone;  DW,  Dawes 
Formation;  F.,  Furnaceville  Ironstone;  FM.,  formation;  I.,  Icriodella;  I.O.,  iron  ore;  LS,  limestone;  MAP.,  Maplewood  Shale;  M.,  Mastigobolbina;  Mbr., 
member;  P.,  Pterospathodus;  SH.,  shale;  SS,  sandstone;  Strickl.,  limestone  rich  in  Stricklandia  lens  progressa ;  WEN,  Wenlock;  WH,  Whirlpool 
Sandstone;  WOL,  Wolcott  Limestone  and  Wolcott  Furnace  Iron  Ore;  Z.,  Zygobolbina ;  Z.  emaci.,  Z.  emaciata.  Modified  from  Brett  et  al.  (1990). 


Hall,  1839, 1840, 1843, 1852).  West-central  New  York  is  the 
type  region  of  the  widely  known  "Clinton  Iron  Ores", 
which  were  mined  for  many  years  as  a  source  of  paint 
pigment.  Many  regional  studies  have  contributed  to  un¬ 
derstanding  the  Medina  and  Clinton  Groups  in  New 
York  and  adjacent  Ontario  (Schuchert,  1914;  Chadwick, 
1918;  Sanford,  1934,  1935;  Ailing,  1947;  Gillette,  1947; 
Bolton,  1957;  Rickard,  1975;  Brett  et  al.,  1995). 

The  Lower  Silurian  (Llandovery-Wenlock)  in  New 
York  and  Ontario  has  recently  been  subdivided  by  Brett 
et  al.  (1990,  1995;  see  Goodman  and  Brett,  1994)  into  six 
large-scale,  third-order  sequences  that  represent  about 
3-5  Ma  each,  and  a  larger  number  of  smaller-scale, 
fourth-order  cycles,  each  averaging  about  1  Ma  (Figure 


4).  Third-order  sequences  consist  of  facies  that  range 
from  shallow  marine  to  non-marine  siliciclastics  in  the 
Medina  Group  (Sequence  I,  Rhuddanian),  to  mixed 
siliciclastics  and  carbonates  of  the  lower  Clinton  Group 
(Sequence  II,  Aeronian),  to  dominantly  marine 
siliciclastics  in  the  middle-upper  Clinton  Group  (Se¬ 
quences  III— V,  Telychian-middle  Wenlock),  and,  finally, 
to  dominantly  dolomitic  carbonates  and  subordinate 
shales  in  the  Lockport  Group  (Sequence  VI,  upper 
Wenlock-lower  Ludlow)  (Figure  4).  Each  sequence  con¬ 
tains  widespread  condensed  beds  that  mark  major  ma¬ 
rine  flooding  surfaces.  The  Llandovery-lower  Wenlock 
sequence  stratigraphy  and  condensed  beds  of  the  New 
York-Ontario  outcrop  belt  are  described  in  some  detail 
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below  as  a  standard  of  comparison  with  less-well- 
known  sections  farther  south. 

SEQUENCE  I. — The  lowest  Silurian  depositional  sequence 
is  the  revised  Medina  Group  (see  Brett  et  al.,  1995),  a  suc¬ 
cession  of  locally  calcareous,  quartz  arenites,  gray  to  ma¬ 
roon  shales,  and  mottled,  bioturbated,  red,  pink  and 
white  sublitharenites  (Figures  4-6).  The  base  of  the 
Medina  Group  is  a  major  erosion  surface,  the  Cherokee 
Unconformity,  which  regionally  bevels  the  Upper  Or¬ 
dovician  (Queenston,  Oswego,  Lorraine  Groups)  in  an 
eastward  direction.  This  erosional  episode  may  be  associ¬ 
ated  with  isostatic  uplift  during  a  time  of  tectonic  quies¬ 
cence,  whereas  Medina  Group  siliciclastics  suggest 
renewed  tectonism,  possibly  a  late  Taconic  tectophase 
(Quinlan  and  Beaumont,  1984;  Tankard,  1986;  Goodman 
and  Brett,  1994;  Ettensohn  and  Brett,  1996).  Biostrati- 
graphic  dating  of  Medina  strata  is  imprecise,  but  the  unit 
is  bracketed  by  the  Upper  Ordovician  and  lower  Aer- 
onian.  The  Medina  Group  has  generally  been  assigned  to 
the  Rhuddanian  (Berry  and  Boucot,  1970;  Rickard,  1975), 
but  the  upper  part  may  be  Aeronian,  particularly  in  the 
subsurface  of  western  New  York  where  progressively 
younger  strata  are  preserved  beneath  the  upper 
sequence-bounding  unconformity  in  basinal  areas. 

Sequence  I  is  subdivided  into  five  minor  fourth- 
order  subsequences  that  correspond  to  couplets  of  pres¬ 
ently  defined  formations  within  the  Medina  Group  (Fig¬ 
ure  6;  Brett  et  al.,  1990,  1995)  and  that  represent  the  com¬ 
ponent  systems  tracts  of  third-order  depositional  se¬ 
quences.  The  stratigraphically  lowest  subsequence  (IA) 
consists  of  the  Whirlpool  Sandstone  and  the  overlying 
Power  Glen  Shale  in  New  York,  and  the  laterally  equiva¬ 
lent  Whirlpool,  Manitoulin  Dolostone,  and  lower  part  of 
the  Cabot  Head  Shale  in  Ontario  (Figure  6).  The  forma¬ 
tions  in  western  New  York  are  arranged  in  a  retro- 
gradational  succession  that  contains  a  basal  non-marine 
sandstone  of  a  shelf  margin  (or  lowstand)  systems  tract 
and  an  overlying  marine  sandstone  to  shale  of  a  trans¬ 
gressive  systems  tract.  The  basal,  non-marine  sandstone 
is  not  present  in  the  most  basinal  sections  in  Ontario.  A 
thin  bed  near  the  top  of  the  Manitoulin  Formation  near 
Hamilton,  Ontario,  contains  abundant,  bright  green  glau¬ 
conite  grains.  This  horizon  grades  eastward  into  a  thin, 
commonly  bioturbated  sandstone  bed  that  is  locally  en¬ 
riched  in  small  phosphatic  nodules  and  fossil  steinkerns 
at  the  top  of  the  Whirlpool  Sandstone  in  Niagara  County, 
New  York.  The  glauconitic  horizon  and  phosphate  bed 
mark  a  maximum  marine  flooding  surface  on  the  eastern 
basin  ramp  that  was  produced  by  the  rapid  transgression 
that  initiated  Power  Glen  Shale  deposition.  A  thin  fossil 
hash  bed  may  also  be  associated  locally  with  this  flood¬ 


ing  surface.  The  Power  Glen  Shale  consists  of  dark  gray 
to  greenish-gray  shales  with  thin-bedded  sandstones  that 
contain  wispy  to  small-scale  hummocky  cross-lamina¬ 
tion,  basal  scours,  and  gutter  casts.  To  the  west,  the 
Power  Glen-lower  Cabot  Head  becomes  richly  fossilifer- 
ous  and  contains  a  moderately  diverse  fauna  of  bryozo- 
ans,  brachiopods,  bivalves,  and  echinoderms  that  suggest 
benthic  assemblage  (BA)  2-3  (see  Boucot,  1975).  Taken  to¬ 
gether,  these  features  indicate  deposition  in  a  storm- 
dominated  shallow  shelf  below  normal  wave  base.  The 
Power  Glen  facies  of  Ontario  and  New  York  represeiits 
the  deepest  water  conditions  along  the  Medina  Group 
outcrop  belt.  Drill  core  studies  demonstrate  that  the  ma¬ 
rine  shales  grade  laterally  into  calcareous  and/or  felds- 
pathic  sandstones  with  ooids,  fossil  fragments,  and 
authigenic  K-feldspar  (J.  Castle,  personal  commun.,  1997, 
In  press). 

The  second  fourth-order  sequence  (IB)  in  the 
Medina  Group  is  represented  by  a  thin  (1.5-2. 5  m)  inter¬ 
val  of  quartz  arenite  (Devils  Hole  Sandstone),  overlying 
shales,  and  fine-grained  quartz  arenite  of  the  Grimsby 
Formation  in  western  New  York  and  Ontario  (Fig.  6).  The 
Devils  Hole  Sandstone  is  a  planar-laminated  shoreface 
quartz  arenite  with  linguloid  brachiopod  valves  near 
Lockport,  New  York.  The  top  of  these  sandstones  is 
marked  by  a  thin  spastolithic  hematite  horizon.  East  of 
Lockport,  this  spastolithic  horizon  grades  into  a  red  shale 
pebble  conglomerate,  while  to  the  west  this  bed  grades 
into  a  phosphatic  dolostone,  the  Art  Park  Phosphate  Bed, 
which  contains  abundant  phosphatic  steinkerns  of  small 
gastropod  shells  and  bryozoans.  A  thin  phosphatic  to  he- 
matitic  limestone  at  this  horizon  has  been  traced  west¬ 
ward  at  least  to  Hamilton,  Ontario  (Duke  and  Fawsett, 
1987).  The  sharp  base  of  the  Devils  Hole  Sandstone  is  in¬ 
terpreted  as  a  subsequence  (fourth-order)  bounding  ero¬ 
sion  surface,  whereas  the  Art  Park  Phosphatic  Bed  and  its 
lateral  equivalents  are  interpreted  to  mark  the  maximum 
flooding  surface  at  the  base  of  the  condensed  section  in 
the  lower  part  of  the  highstand  systems  tract.  Greenish- 
gray  to  reddish  shales  near  the  base  of  the  Grimsby  For¬ 
mation  represent  the  highstand  portion  of  Sequence  IB. 
An  abrupt  facies  dislocation  occurs  at  the  contact 
between  greenish-gray  or  maroon  fossiliferous  shales  of 
the  lower  Grimsby  and  the  first  major,  thicker-bedded, 
reddish  sandstones  of  the  upper  Grimsby.  This  contact 
was  interpreted  as  another  subsequence  (fourth-order  se¬ 
quence)  boundary  by  Brett  et  al.  (1990).  Thus,  the  upper 
part  of  the  Grimsby  was  assigned  to  subsequence  IC  (Fig¬ 
ure  6),  although  in  some  outcrops  this  interval  might  be 
better  interpreted  as  a  late  highstand  or  regressive  sys¬ 
tems  tract  of  subsequence  IB.  The  upper  part  of  the 
Grimsby  Formation  consists  of  reddish  and  pale  gray 
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FIGURE  5 — Cross-section  of  Medina  Group  (Sequence  I)  between  Niagara  Falls  and  Rochester,  New  York  (see  Figure  8.2  for 
outcrop  belt  map).  Vertical  lines  show  measured  sections  or  drill  cores. 


mottled  sandstones  and  maroon  shales  (Figures  5,  6). 
Thin,  slightly  hematitic  to  phosphatic  shell  lags  occur  at 
the  tops  of  several  small-scale  (parasequence)  cycles 
within  the  Grimsby  Formation  (see  Duke  and  Fawcett, 
1987;  Duke  arid  Brusse,  1987).  This  interval  exhibits  a 
marked  upward-coarsening  and  -shallowing  trend. 
Lower  beds  in  western  New  York  and  Ontario  are  gener¬ 
ally  in  a  linguloid  biofacies,  whereas  the  top  of  the  unit 
generally  carries  an  Arthrophycus- dominated  ichnofacies 
and  lacks  body  fossils  (Figures  5,  6). 

The  base  of  the  next  subsequence  (ID)  is  marked  by 
the  sharp  lower  contact  of  the  widespread,  thin  (0.5  to  2.5 
m)  Thorold  Sandstone  (Figures  4-6).  This  formation  was 


earlier  assigned  to  the  Clinton  Group  by  Gillette  (1947) 
and  Rickard  (1975).  The  upper  part  of  the  Thorold  Sand¬ 
stone  is  a  widespread  interval  of  heavily  burrowed  sand¬ 
stone  with  abundant  Arthrophycus  trace  fossils  and  the 
distinctive  spreiten  of  Daedalus  (which  may  have  been 
produced  by  the  same  or  a  very  similar  organism  to  that 
which  formed  Arthrophycus;  A.  Seilacher,  personal 
comm.,  1996).  In  Orleans  County,  vertical  Skolothos  bur¬ 
rows  overlie  the  Daedalus  traces,  and  to  the  west,  near 
Lockport,  Niagara  County,  the  upper  contact  of  the 
Thorold  ( Daedalus  beds)  is  marked  by  a  thin  hash  of 
linguloid  brachiopod  fragments  and  is  overlain  by  ma¬ 
roon  mudstones  with  abundant  ostracodes  that  are 
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3  Thin  lag  of  black  phosphate  pebbles 
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Quartzose  sandstone  with  some  laminations, 
some  interbedded  shale;  sets  of  storm  beds 
are  common  throughout 


Sparsely  fossiliferous  shale  with  some 
cross-stratified  to  bioturbated  sandstone 
interbeds 


Thin  lag  of  black  phosphate  pebbles 
in  shale  or  sandstone  matrix 


Medium-  to  coarse-grained,  trough  cross- 
bedded,  quartzose  sandstone  with  thin  shale 
intraclasts  and  beds 


3  METERS  FIGURE  6 — Columnar  section,  sea-level  trends,  and  component  systems  tracts 
and  subsequence  divisions  of  the  lower  Medina  Group  (Sequence  I)  at  Niagara 
Gorge,  New  York-Ontario.  Sea-level  curve  calibrated  to  benthic  assemblages 
(BA)  of  Boucot  (1975):  0,  shoreline,  locally  with  Arthrophycus  and  Daedalus 
(upper  tidal  flats);  1,  lingulid;  2,  Eocoelia  assemblage  with  low-diversity, 
rhynchonellid  brachiopod-crinoid  associations;  3,  Pentamerus  assemblage  with  Helopom- diverse  brachiopod  associations;  4,  diverse  brachiopod- 
stricklandid  biofacies;  5,  monograptid-D/coe/osw  or  Chorinda  community.  Sea-level  curve  shows  larger-scale  cyclicity;  deeper  to  left,  shallower  to 
right.  Abbreviations  for  this  and  subsequent  figures:  Cht.,  chert;  Cl,  condensed  interval;  CS,  condensed  section;  EHS,  early  highstand;  LHS,  late 
highstand;  LSST,  lowstand  of  shelf  margin  systems  tract;  MFS,  maximum  floding  surface;  RHS,  relative  highstand;  RLS,  relative  lowstand;  RLS  A, 
relative  sea-level  curve  based  on  smaller  (5th-order  and  6th-order  cycles);  RLS  B,  generalized  sea-level  curve  for  large-scale  cyclicity;  SB,  major 
sequence  boundary;  SDS,  surface  of  sea-level  drop  (i.e.,  minor  sequence  boundary);  Sh.,  shale;  SUB.,  subsequences  (or  4th-order  sequences)  IA- 
ID;  TST-CS,  transgressive  systems  tract-condensed  section  of  larger  sequences.  After  Brett  et  al.  (1990). 
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assigned  to  the  overlying  Cambria  Shale  (Figures  4,  5). 
Thus,  an  offshore  bathymetric  gradient  to  the  west  can  be 
discerned  from  ichnofacies  and  limited  skeletal  biofacies 
of  the  uppermost  Thorold  Sandstone  over  a  100  km  dis¬ 
tance  across  western  New  York.  The  Thorold  is  consid¬ 
ered  to  represent  a  transgressive  sandstone  comprised  of 
laterally  amalgamated,  tidal  channel  sand  bodies  in 
which  the  Daedalus  beds  represent  an  interlude  of  relative 
sediment  starvation  and  intense  burrowing  activity;  the 
Cambria  Shale  represents  very  shallow,  marginal  marine 
muds  that  accumulated  during  highstand  conditions. 
The  Cambria  Shale  may  locally  contain  body  fossils  and  a 
marine  ichnofacies.  The  unit  reveals  a  biofacies  transition 
from  a  Daedalus  to  a  Skolithos  to  an  ostracode-bivalve 
biofacies  with  rare  Rusophycus  and  common  ferruginous 
stromatolites. 

The  uppermost  subsequence  (IE)  of  the  Medina 
Group  consists  of  another  widespread,  calcareous, 
heavily  bioturbated  sandstone  and  overlying  green  to 
maroon,  sandy  shale  that  have  collectively  been  assigned 
to  the  Kodak  Sandstone.  The  Kodak  lithology  and  succes¬ 
sion  resemble  the  older  Thorold,  and  the  two  units  have 
been  miscorrelated  in  the  past  (see  Kilgour,  1964;  LoDuca 
and  Brett,  1994).  The  Kodak  Sandstone  bundle  may  be  a 
signature  of  the  final  shallowing  of  the  Medina  Group. 
The  top  shaley  facies  have  been  documented  in  drill  cores 
to  thicken  considerably  a  few  kilometers  to  the  south  (i.e., 
basinward)  of  the  outcrop  belt.  Thus,  these  relative 
highstand  shales  of  subsequence  ID  are  truncated  pro¬ 
gressively  northward  by  the  regional  angular  uncon¬ 
formity  at  the  Sequence  I— II  boundary  (Figures  4,  5). 

Facies  that  represent  the  deepest  water  conditions 
(maximum  flooding)  of  Sequence  I  occur  low  in  the 
Medina  Group.  Although  poorly  dated,  the  upper  Whirl¬ 
pool  Sandstone,  Power  Glen,  and  lower  Cabot  Plead  gray 
shales  contain  the  oldest  diverse  Silurian  marine  fauna  in 
North  America  (probably  of  early-middle  Rhuddanian; 
Kilgour  and  Liberty,  1981).  Moreover,  a  comparable 
maximum  highstand  interval  occurs  low  in  the  Silurian 
throughout  much  of  the  Appalachian  region  (see  below). 
Plowever,  this  deepening  is  too  early  to  represent 
JoPinson's  (1996)  first  major  eustatic  sea-level  highstand, 
which  is  dated  as  late  Rhuddanian  (Figure  1).  Thus,  this 
widespread  deepening  may  reflect  tectonically  induced 
subsidence  associated  with  a  terminal  pulse  of  the 
Taconic  orogeny  (Ettensohn  and  Brett,  this  volume).  Gen¬ 
erally  upward-shallowing  trends  recorded  in  the  upper 
part  of  the  Medina  Group  in  the  late  Rhuddanian  are  op¬ 
posed  to  the  global  trend  of  eustatic  sea-level  rise 
(Johnson,  1996),  and  may  have  resulted  from  pro¬ 
gradation  of  siliciclastics  from  the  Taconic  orogen. 
However,  the  highstand  recorded  by  the  Cambria  Shale 
(subsequence  IC)  and  coeval  marginal  to  open  marine 


facies  elsewhere  (see  below)  may  reflect  transgression  as¬ 
sociated  with  the  late  Rhuddanian  eustatic  rise  that  par¬ 
tially  countered  the  local  progradational  trend.  The 
Cambria  interval  is  quite  widespread  in  the  subsurface  of 
New  York,  Pennsylvania,  and  Ohio  (J.  Castle,  personal 
commun.,  1997,  In  press). 

SEQUENCE  II. — The  second  sequence  of  the  Silurian,  the 
lower  part  of  the  Clinton  Group  (or  lower  Clinton  se¬ 
quence;  Figures  7-9),  is  sharply  demarcated  from  the  un¬ 
derlying  Medina  by  a  regional  angular  unconformity  that 
bevels  successively  older  Medina  units  from  west-central 
New  York  westward  into  Ontario  (Brett  et  al.,  1990;  Fig¬ 
ures  4,  5,  7).  Sequence  II  is  divided  into  two  major  subse¬ 
quences — the  Maplewood  Shale-Wallington  Limestone 
and  lower  Sodus  Shale-Wolcott  Limestone  (Figure  9). 
Each  of  these  subsequences  commences  with  a  phos- 
phatic  to  hematitic  basal  lag,  that  is  overlain  by  greenish- 
gray  to  purple  clay  shales.  These,  in  turn,  are  abruptly 
overlain  by  hematitic  limestone  and  skeletal 
pentamerid-rich  limestones  and  shales  (Figure  9). 

A  widespread  layer  of  phosphatic  nodules  and  fossil 
steinkerns,  termed  the  "Densmore  Creek  Phosphate  Bed" 
(LoDuca  and  Brett,  1994;  Brett  et  al.  1995),  sharply  overlies 
the  Sequence  II  basal  unconformity  throughout 
west-central  New  York.  This  bed  is  traceable  between 
Rochester,  New  York,  and  St.  Catharines,  Ontario,  a  dis¬ 
tance  of  about  150  km.  Throughout  its  extent,  the  Dens¬ 
more  Creek  phosphate  bed  is  overlain  by  greenish-gray  to 
dark  gray,  very  platy  shales  (Maplewood-Neahga  Shales; 
Figure  8).  East  of  Rochester,  the  greenish  Maplewood  Shale 
pinches  out  abruptly,  and  the  basal  phosphatic  bed  merges 
with  thin  splayed  phosphate  beds  that  occur  within  the 
shales  to  form  a  condensed  bed  up  to  about  30  cm-thick. 
This  unit,  the  Webster  Bed  (LoDuca  and  Brett,  1994),  con¬ 
tains  a  mixture  of  quartz  pebbles  and  sand  grains;  phos¬ 
phatic  nodules,  many  of  them  multi-generational;  and  he- 
matitic-coated  grains  and  ooids  (Loduca  and  Brett,  1994). 
In  Niagara  County,  tire  Densmore  Creek  Bed  becomes  a 
thin  (2-10  cm)  sandy  dolostone  with  abundant  shells  of  the 
brachiopod  Hyattadina.  Near  St.  Catharines,  Ontario,  the 
bed  is  approximately  30  cm-thick,  and  contains  abundant 
brachiopods  and  bryozoans  in  a  sandy  limestone.  It  is 
sharply  overlain  by  a  very  thin  interval  of  dark  gray 
Neahga  Shale.  Phosphate-coated,  sandy  limestone  clasts 
with  abundant  Tn/panites  borings  occur  near  the  base  of 
this  shale.  Thus,  a  gradual  offshore  transition  from  an 
oolitic  hematite  lag  bed  to  a  phosphate  nodule  bed,  to  a 
phosphatic  shelly  limestone  is  present,  as  in  many  other 
condensed  levels. 

The  hematitic  Webster  Bed,  its  lateral  equivalent  the 
Densmore  Creek  Phosphate  Bed,  and  the  somewhat 
thicker  phosphatic  beds  at  St.  Catharines,  Ontario,  repre- 
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FIGURE  7 — West-east  cross-section  of  Clinton  Group  (Llandovery-lower  Wenlock)  in  western  to  central  New  York  (Niagara-Oneida 
Counties).  Position  of  most  of  cross-section  shown  in  Figure  8.2.  Major  depositional  Sequences  II-IV  bounded  by  bold  lines.  Abbreviations: 
Cay,  Cayuga  County;  i.  o.,  iron  ore;  Sterling  Sta,  Sterling  Station.  After  Gillette  (1947). 


sent  a  highly  condensed,  transgressive  systems  tract  at 
the  base  of  Sequence  II.  No  evidence  of  deposits  that 
comprise  a  shelf  margin  (lowstand)  systems  tract  exists  at 
the  latitude  of  the  outcrop  belt. 

Some  of  the  most  notable  and  persistent  Silurian 
hematite  beds  occur  within  the  lower  part  of  the  Clinton 
Group  in  subsequence  IIA  (Ailing,  1947;  Gillette,  1947; 
Figures  7,  8).  The  Furnaceville  Iron  Ore  (Gillette,  1947)  is 
a  thin  (10-30  cm),  intraclast-bearing,  fossil  fragment,  he- 
matite-hematitic  limestone  (western  facies)  or  sandy 
oolitic  ironstone  (eastern  facies)  near  the  base  of  the 
Reynales  Formation  (Figure  8).  It  passes  westward  near 
Rochester  into  phosphate  pebble-bearing,  brachiopod 
pack-  and  grainstones  known  as  the  Brewer  Dock  Mem¬ 
ber  (Kilgour,  1964;  LoDuca  and  Brett,  1994).  It  is  overlain 
in  some  areas  by  greenish-gray  shale  that  resembles  the 
underlying  Maplewood  Shale.  The  Furnaceville  and 
laterally  equivalent  Brewer  Dock  Limestone  interval  dis¬ 
play  some  evidence  of  condensation  (at  least  at  an  eco¬ 
logical  scale  duration)  east  of  Rochester,  and,  as  such, 
these  deposits  may  be  associated  with  the  maximum 


flooding  at  the  base  of  the  Sequence  IIA  highstand  sys¬ 
tems  tract.  There  is  an  abrupt  change  in  composition  of 
conodont  assemblages  immediately  above  this  bed.  The 
Reynales  Limestone  and  the  underlying  Maplewood 
Shale  belong  to  a  single  ostracode  zone  ( Zi/gobolba 
excavata  Zone;  Figure  10),  and  conodonts  indicate  assign¬ 
ment  to  the  Icriodella  discreta-l.  deflecta  Zone  (middle-late 
Aeronian;  Rexroad  and  Rickard,  1965;  M.A.  Kleffner,  per¬ 
sonal  commun.,  1996).  This  basal  hematite  and  the  later¬ 
ally  equivalent  phosphatic  limestone  beds  can  be  traced 
within  New  York  State  from  the  Sodus,  Wayne  County, 
area  westward  to  Niagara  County. 

The  upper  member  of  the  Reynales,  the  Wallington 
Limestone,  is  not  younger  than  late  Aeronian,  as  it  falls 
into  the  Icriodella  discreta-I.  deflecta  Zone  (Brett  et  al.,  1990; 
M.A.  Kleffner,  personal,  commun.,  1997).  The  Wallington 
consists  of  mixed  dolomitic,  commonly  cherty,  wacke-, 
pack-,  and  grainstones;  thin  hematitic  stringers;  and 
some  greenish-gray  shale  (Figures  8,  9).  It  becomes  more 
shaley  east  of  Sodus,  New  York,  and  grades  into  the  Bear 
Creek  Shale.  Slightly  ferruginous  pack-  and  grainstone 
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FIGURE  8 — Relationships  of  the  lower  Clinton  Group  (Sequence  IIA)  in  western  New  York.  1,  Stratigraphic  relationships  of  Maplewood-Neahga 
Shales,  Reynales  Limestone,  and  Bear  Creek  Formation;  2,  Map  of  western  New  York  with  location  of  outcrops  and  drill  cores  in  Figure  8.1.  After 
LoDuca  and  Brett  (1994,  figs.  1  and  10). 
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beds  are  rich  in  Pentamems  oblongus,  and  have  also 
yielded  Eocoelia  sp.  cf.  E.  intermedia  and  the  ostracode 
Zygobolba  excavata.  These  taxa  indicate  assignment  of  the 
Wallington  to  the  middle-late  Aeronian  (C1-C2).  Thus, 
this  unit  is  probably  the  local  record  of  Johnson's  (1996) 
second  Silurian  eustatic  highstand. 

Another  thin  hematitic  bed,  the  Sterling  Station  Iron 
Ore  of  Gillette  (1947),  occurs  near  the  top  of  the  Wal¬ 
lington  Limestone,  just  below  its  contact  with  the  overly¬ 
ing  purple  and  green  lower  Sodus  Shale  (Figure  7). 
Therefore,  the  Sterling  Station  hematite  appears  to  occur 
within  either  a  regressive  or  a  progradational  interval  at 
the  boundary  between  presumably  more  offshore,  Pen- 
tamerus-hch  (BA  3)  limestones  of  the  Wallington  Member 
and  Eocoelia-beahng  (BA  2)  Sodus  Shale.  However,  a  dis- 
conformity  may  actually  intervene  between  the  top  bed 
of  the  Wallington  or  Sterling  Station  hematite  and  the  un¬ 
derlying,  slightly  deeper  water  carbonates  ( Pentamems 
brachiopod  biofacies).  The  Sterling  Station  Iron  Ore  is 
probably  correlative  with  a  phosphatic  limestone  bed 
with  an  encrusted  hardground  on  its  upper  surface  that 
contains  phosphate-stained,  bored,  and  encrusted  lime¬ 
stone  cobbles  in  sections  to  the  west  in  the  Rochester  area 
(LoDuca  and  Brett,  1994).  Thus,  there  is  sedimentologic 
evidence  that  the  highest  beds  of  the  Wallington  Lime¬ 
stone  may  be  separated  in  time  from  those  of  most  of  the 
Reynales  Formation,  and  that  the  Sterling  Station  bed  is  a 
part  of  the  transgressive  systems  tract  of  subsequence  IIB. 
Nonetheless,  the  lower  Sodus  Shale  has  yielded  the  same 
ostracodes  of  the  Zygobolga  excavata  Zone  and  the  same 
brachiopod  ( Eocoelia  sp.  cf.  E.  intermedia)  as  the  underly¬ 
ing  Wallington  (Figures  4,  10;  Gillette,  1947).  Therefore, 
any  discontinuity  at  this  level  must  be  relatively  minor. 

No  major  hematites  appear  in  the  lower  Sodus 
Shale,  but  a  slightly  hematitic  to  phosphatic,  nodule¬ 
bearing  horizon  occurs  locally  at  the  unconformable  con¬ 
tact  between  the  lower  and  upper  divisions  of  the  Sodus 
(Figures  8,  9).  This  slightly  hematitic  bed  may  represent  a 
very  thin  transgressive  lag  deposit  that  formed  after  a 
period  of  erosion  during  a  sea-level  drop  and  subsequent 
rise.  This  lean  hematite  bed  marks  a  shale-on-shale 
unconformity  that  is  associated  with  the  abrupt  change 
from  the  Zygobolba  excavata  to  the  Z.  decora  Zones. 
Samples  obtained  from  Eocoelia- dominated,  coquinoid 
limestones  that  occur  in  shale  tentatively  identified  as 
basal  upper  Sodus  Shale  near  Rochester,  New  York,  have 
also  yielded  Pterospathodus  celloni  Zone  conodonts,  and 
are  thus  assignable  to  the  lower  Telychian  (probably  C4; 
M.A.  Kleffner,  personal  commun.,  1997). 

The  upper  Sodus  Shale  displays  a  transition  into  the 
overlying  Wolcott  Limestone,  a  second  Pentamems- bearing 
skeletal  pack-  and  grainstone  unit  that  is  assignable  to  the 
Z.  decora  and  Eocoelia  curtisi  Zones  (Figures  9,  10).  A  thin 


FIGURE  9 — Columnar  section,  biostratigraphy,  relative  sea-levels, 
component  systems  tracts,  and  subsequence  divisions  of  lower  Clinton 
Group  (Sequence  II)  in  central  New  York.  Sea-level  curve  is  calibrated 
to  benthic  assemblages  (BA);  see  Figure  6  explanation.  Symbols  for 
ironstone  beds  to  right  of  stratigraphic  column:  h,  hematitic  limestone 
(unnamed);  SS,  Sterling  Station  Iron  Ore;  WF,  Wolcott  Furnace  Iron  Ore; 
other  abbreviations  in  Figure  6. 

hematitic  limestone  and  shale  succession  occurs  above  the 
Wolcott  Limestone;  it  was  mined  along  Wolcott  Creek  and 
hence  was  named  the  Wolcott  Furnace  Iron  Ore  (Gillette, 
1947).  The  Wolcott  Furnace  hematite  occurs  at  a  major 
flooding  surface,  as  it  lies  between  Pentamems- rich  lime¬ 
stones  of  the  Wolcott  and  overlying  greenish-gray  shales 
that  contain  an  offshore  Stricklandia  brachiopod  associa¬ 
tion.  Unfortunately,  the  upper  part  of  these  shales  is  re¬ 
moved  under  the  unconformity  at  the  base  of  Sequence  III 
and  the  Sauquoit  Shale  of  the  middle  Clinton  Group.  The 
Wolcott  Limestone  and  Wolcott  Furnace  Ironstone,  which 


Early  Silurian  Condensed  Intervals,  Ironstones,  and  Sequence  Stratigraphy  in  the  Appalachian  Foreland  Basin 


103 


CLINTON  OSTRACODE  ZONES 

NIAGARA  COUNTY 

MONROE  COUNTY 

WAYNE  COUNTY 

ONEIDA  COUNTY 

UPPER 

PARAECHMINA 

SPINOSA  ROCHESTER 

ZONE 

PARAECHMINA 

SPINOSA  ROCHESTER 

ZONE 

zzz 

PARAECHMINA 

SPINOSA  ROCHESTER 

ZONE 

1 

PARAECHMINA 

SPINOSA  HERKiwrE* 

ZONE 

KIRKLAM5 

- 

MASTIGOBOLBINA 

TYPUS  ironocouoit 

ZONE 

MASTIGOBOLBINA  ironoeoooit 

TYPUS 

ZONE  wiluauson 

zzz 

MASTIGOBOLBINA  ponoeolioit 

TYPUS 

ZONE  WLLIAUSON 

§ 

MASTIGOBOLBINA 

TYPUS  mollowvale 

ZONE 

— - - -  —  WESTMORTUVrD 

u. 

MIDDLE 

///  Z//Z//  / 

/////////' 

''//// /////, 
/  /  /  /  ////// 

////////// 
z /////////, 

/////// /z'/ 
/  /  /  /  / /  z  /  /  / 

'/■ 'V  z////z/ 

z//  /Z/Z  /// 

"///////A 

'A ////z/z, 
/  /  /  / '/////,' 

^  / . _ /  77  ///  Y _ / 

MASTIG060LBINA 

LATA  sauquoit 

ZONE 

OMEIOA 

LOWER 

'///////// 

/////////y 
/ / //////// 

/  /  //  /  /  /  /  /  / 

z  /  /  /  /  //  /  /  Z 
/  /  /  /  /  /  Z  /  /  / 
/Z/Z////  /  / 

ZYGOBOLBA  wolcott 

DECORA 

ZONE  URPER  SOCAJS 

ZYGOBOLBA  ohepoa 

DECORA 

ZONE 

ZYGOBOLBA 

EXCAVATA  retnm.es 

ZONE 

NEAHCA 

g 

ZYGOBOLBA  lower  soous 

EXCAVATA  rctnales 

ZONE  furhacevilla 

ZYGOBOLBA  lower  soous 

EXCAVATA 

ZONE  REYN*L£S 

fLTRNJkCEVTLLE 

//////  /  /  /  / 

/  /  /  //////  / 
/  /  /  /  /  /  /  /  /  / 

FIGURE  10 — Ostracode  zones  of  the  Clinton  Group  in  New  York.  Note  unconformity  between  Zygobolbina  decora  and  Mastigobolbina  lata 
Zones,  with  Z.  emaciata  Zone  (of  the  complete  Rose  Hill  succession)  missing,  and  between  the  M.  lata  and  M.  typus  Zones,  with  Bonnemaia 


rudis  Zone  missing.  After  Gillette  (1947). 

represent  facies  similar  to  those  of  the  older  Wallington, 
have  been  recognized  by  Johnson  (1987, 1996)  as  the  prob¬ 
able  local  signature  of  the  third  Silurian  (early  Telychian) 
sea-level  highstand  (Figures  1,  9).  The  discovery  of 
Pterospathodus  celloni  Zone  conodonts  in  the  Wolcott  and 
subjacent  Sodus  Shale  (M.A.  Kleffner,  personal  commun., 
1997)  is  somewhat  problematic,  as  Johnson's  (1996)  sea- 
level  curve  shows  the  third  peak  within  the  upper  third  of 
the  older  Distamodus  staurogtmthoides  Zone. 

SEQUENCE  III. — Near  Syracuse  an  oolitic  hematite  bed 
about  40  cm-thick,  named  the  Verona  Station  Iron  Ore 
(Gillette,  1947),  locally  marks  the  unconformable  contact 
between  the  Wolcott  Furnace  shales  and  the  Sauquoit 
Shale  (Sequence  III;  Figures  4,  7).  This  surface  is  considered 
to  represent  a  major  sequence  boundary,  because  one 
ostracode  zone  appears  to  be  missing  at  this  formation 
boundary.  The  Zygobolbina  emaciata  Zone,  which  inter¬ 
venes  between  the  Zygobolba  decora  and  Mastigobolbina  lata 
Zones  in  central  Pennsylvania,  is  absent  at  this  contact  in 
New  York  (Figure  10).  This  boundary  is  only  seen  in  a  few 
outcrops  and  drill  cores  in  central  New  York.  The  contact 
between  a  tongue  of  coarse  sandstones  and  conglomerates 
of  the  Oneida  Conglomerate  that  onlaps  a  major 
unconformity  on  Upper  Ordovician  Frankfort  Shale  ill 
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central  New  York  (e.g.,  in  the  famous  roadcuts  in  Frankfort 
Gorge;  Baarli  and  Johnson,  1996)  likely  represents  the 
same  sequence  boundary.  The  Oneida  Conglomerate  may 
represent  a  transgressive  systems  tract  locally  preserved  at 
the  base  of  Sequence  III  in  central  New  York. 

Farther  west,  a  thinner  zone  of  hematitic  ooids  over- 
lain  by  dark  sandy  shale  with  phosphate  nodules  occurs 
just  below  the  Sauquoit  Shale.  A  thin  phosphatic  ooid  bed 
also  occurs  at  the  probable  Sauquoit-Wolcott  shale 
boundary  in  its  westernmost  outcrops.  These  beds  ap¬ 
pear  to  represent  a  basal  transgressive  lag  and  sediment- 
starved  transgressive  systems  tract  directly  above  the 
Sequence  II— III  boundary.  Sandy  phosphatic-hematitic 
conglomerate  beds  occur  near  the  base  of  the  Sauquoit 
Formation,  and  represent  the  early  transgressive  systems 
tract  of  Sequence  III. 

The  overlying  greenish-gray  Sauquoit  Shale  and  lat¬ 
erally  equivalent  Otsquago  red  sandstones  and  shales 
yield  ostracodes  of  the  Mastigobolbina  lata  Zone  (Gillette, 
1947;  Figures  4,  10),  conodonts  of  the  Pterospathodus 
celloni  Zone,  and  the  brachiopods  Eocoelia  curtisi  and  E. 
sidcata.  Thus,  this  interval  clearly  is  early  Telychian  (C5). 
The  presence  of  herringbone  cross-beds  in  portions  of  the 
Otsquago  suggests  a  tidally  influenced  shoreface  setting. 
The  Otsquago  also  includes  highly  ferruginous  and  phos- 
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FIGURE  11 — Subcrop  map  of  strata  beveled  by  late  Llandovery  Sequence  IV.  Note  that  area  of  maximum  erosion  from  western  New  York  to  Bruce 
Peninsula,  Ontario,  delineates  an  arch-like  feature.  From  LoDuca  and  Brett  (1994,  fig.  2). 


phatic  beds  that  may  represent  minor  flooding  surfaces 
(Muskatt  1969,  1972). 

The  western  Sauquoit  facies  are  greenish  Eocoelia- 
rich  (BA  2)  shales  with  some  sandstones  and  several  beds 
of  quartz  and  phosphate  pebbles.  These  represent  shal¬ 
low,  offshore,  muddy  environments.  The  marine  trans¬ 
gression  that  created  the  accommodation  space  for  the 
Sauquoit  offshore  mud  facies  is  herein  interpreted  to 
record  a  minor  sea-level  rise  in  the  middle  Telychian  that 
is  not  represented  on  Johnson's  (1996)  curve,  but  appears 
to  be  widespread  in  the  Appalachian  Basin  (see  below). 

SEQUENCE  IV. — A  major,  regional,  angular  unconformity 
forms  the  lower  boundary  of  Sequence  IV  (Figures  4,  7). 
This  erosion  surface  is  probably  coextensive  with  a  re¬ 


gional  angular  unconformity  beneath  the  Dayton  Lime¬ 
stone  that  has  been  mapped  in  Ohio  and  Kentucky  on  the 
east  flank  of  the  Cincinnati  Arch  (Lukasik,  1988)  and  a 
major  unconformity  below  the  Fossil  Hill  Formation  in 
the  Bruce  Peninsula  of  Ontario  (Lin  and  Brett,  1988;  Brett 
et  al.,  1990;  Figure  11).  In  New  York,  the  Sequence  III— IV 
boundary  is  the  sharp  basal  contact  of  the  Westmoreland 
Hematite  on  the  Sauquoit  Shale  near  Clinton  and  Utica, 
New  York  (Figures  12,  13).  The  absence  of  ostracodes  of 
the  Bonnemaia  rudis  Zone  that  occur  in  the  upper  Rose 
Hill  Formation  of  Pennsylvania  indicates  that  this  contact 
in  central  New  York  is  unconformable  (Figures  4,  10).  In 
west-central  and  western  New  York,  this  erosion  surface 
completely  truncates  Sequence  III  (the  Sauquoit  Shale) 
and  produces  a  Sequence  II— IV  unconformity  (in  Wayne 


Early  Silurian  Condensed  Intervals,  Ironstones,  and  Sequence  Stratigraphy  in  the  Appalachian  Foreland  Basin 


105 


County).  It  then  progressively  bevels  the  Wolcott  Fur¬ 
nace,  Wolcott,  upper  Sodus  (near  Rochester),  lower  Sodus 
(west  of  Rochester),  and  Wallington  and  Brewer  Dock 
(Niagara  County),  and  finally  oversteps  the  Neahga 
Shale  to  produce  a  Sequence  I-IV  unconformity  near  St. 
Catharines,  Ontario  (Lin  and  Brett,  1988;  Figures  4, 11). 

Detailed  correlations  have  demonstrated  that  a  ma¬ 
jor  change  in  basin  axis  migration  is  also  associated  with 
the  Sequence  II-IV  boundary  (Goodman  and  Brett,  1994). 
Throughout  deposition  of  the  Medina  Group  and  lower 
and  middle  Clinton  Group  sequences  (Sequences  I— III), 
both  the  eastern  shoreline  and  the  depocenter  of  succes¬ 
sive  subsequences  shifted  progressively  eastward  from 
southern  Ontario  to  central  New  York  State.  This  pattern 
reversed  abruptly  above  the  lower  unconformity  of 
Sequence  IV.  The  depocenters  of  successively  higher  sub¬ 
sequences  in  the  upper  part  of  the  Clinton  Group  (se¬ 
quences  IV  and  V)  shift  back  westward  toward  western 
New  York  (Brett  et  al.  1990;  Goodman  and  Brett,  1994). 

The  regionally  angular  nature  of  the  lower  uncon¬ 
formity  of  Sequence  IV  and  reversal  in  the  direction  of 
basin  axis  migration  immediately  above  the  uncon¬ 
formity  indicate  that  this  surface  is  at  least  partly  tectonic 
in  origin  and  probably  related  to  uplift  and  erosion  of  a 
peripheral  bulge  during  the  middle-late  Llandovery 
(Brett  et  al.,  1990;  Goodman  and  Brett,  1994;  Ettensohn 
and  Brett,  1996,  this  volume).  However,  deposition  of 
middle-late  Telychian  lowstand  sandstone-conglomer¬ 
ate  in  the  central  Appalachians  (see  below)  and  overlying 
transgressive  deposits  indicate  that  the  erosion  surface  is 
related  to  a  widespread  late  Telychian  (late  C5-C6)  fall 
and  subsequent  rise  in  sea-level  (see  sea-level  curves  of 
Johnson  et  al.,  1990;  Johnson,  1996;  Ruppel  et  al.,  1996; 
Figure  1). 

The  most  widespread  and  notable  oolitic  hematite 
in  the  New  York  Silurian  section  is  the  Westmoreland 
iron  ore,  which  overlies  the  Sequence  IV  basal  uncon¬ 
formity  (Figures  4,  7, 12, 13).  This  unit,  formerly  mined  in 
the  vicinity  of  Clinton,  New  York,  probably  gave  rise  to 
the  term  "Clinton  hematites",  which  has  been  used  so  ex¬ 
tensively  in  the  Appalachian  region  (Gillette,  1947).  The 
Westmoreland  is  a  complex  unit  that  locally  contains  sev¬ 
eral  beds  up  to  0.5  m-thick.  It  contains  a  series  of 
decimeter-scale,  oolitic  hematite  beds  that  alternate  with 
dark  greenish-gray  shales  and  ferruginous  dolostones, 
some  of  which  consist  of  offshore,  fossiliferous,  arena¬ 
ceous  dolostone  facies  with  diverse  brachiopods  and 
even  monograptids.  The  Westmoreland  is  a  condensed 
interval,  not  a  single  bed,  and  is  the  most  typical  example 
of  a  hematitic  transgressive  systems  tract.  Conodonts 
from  this  bed  and  the  immediately  overlying  Willowvale 
Shale  indicate  to  the  lower  Pterospathodus  amorpho- 


BRUCE  PENN. 
ONTARIO 


S.  ONTARIO  & 
W.  NEW  YORK 


CENTRAL 
NEW  YORK 


Vl-D 


GUELPH  DOL. 


GUELPH  DOL. 
stromatolite  beds 


VERNON  A 


Vl-C 


upper  ERAMOSA 


upper  ERAMOSA 


Rls  I.  ERAMOSA  DOL. 


1.  ERAMOSA  DOL.. 


Vl-B 


AMABEL 

Wiarton  Dol. 


VINEMOUNT  DOL./SH 
ANCASTER  DOL./CHT 
NIAGARA  FALLS 


Vl-A 


Wiarton  Dol. 


u  GASPORT  SH./DOL 
I.  GASPORT  DOL. 


unnamed  sh.  / 
carbonate 


black  sh.  tongue 


unnamed  sh.  / 
carbonate 


unnamed  sh.  / 
carbonate 


unnamed  ihromooiite 


mnamed  Whitlieideiia 
bed 


FIGURE  12 — Sequence  and  subsequence  divisions  of  the  upper  Clinton 
and  Lockport  Groups  (sequences  IV-VI)  in  Ontario  and  New  York. 
Units  scaled  to  relative  time.  Formation  names  capitalized. 
Abbreviations:  SC,  Stony  Creek  Member  of  Rochester  Shale;  other 
abbreviations  in  Figure  6.  After  Brett  et  al.  (1990). 


gnathoides  Zone,  with  possibly  some  admixture  of  P. 
celloni  Zone  elements.  These  conodonts  indicate  a  late 
Telychian  (C6)  age  (Berry  and  Boucot,  1970;  Rickard, 
1975;  Kleffner,  1988;  M.A.  Kleffner,  personal  commun., 
1997;  Figures  4,  12). 

In  more  basinal  sections  in  west-central  New  York, 
the  Westmoreland  grades  into  a  very  thin  (2-5  cm)  but 
persistent  basal  conglomerate  that  is  rich  in  quartz  and 
phosphatic  pebbles.  This  is  the  Second  Creek  Bed  (Lin 
and  Brett,  1988;  Brett  et  al.  1995;  Figure  12).  This  complex 
bed  is  considered  to  represent  an  extremely  condensed 
transgressive  lag. 

The  Westmoreland  is  overlain  by  greenish-gray 
shale  of  the  Willowvale  Formation  (Figures  4,  12,  13). 
This  unit  contains  a  diverse  (BA  2-4)  fauna  of  brachio¬ 
pods  with  the  lowest  appearance  of  many  taxa  typical  of 
the  "upper  Clinton-Lockport  fauna"  (see  Gillette,  1947; 
Muskatt,  1972;  Eckert  and  Brett,  1988;  Brett  and  Baird, 
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FIGURE  13 — Upper  Clinton  Group  at  Clinton,  central  New  York  State. 
1,  Columnar  section,  biostratigraphy,  relative  sea-levels,  and 
component  systems  tracts  and  subsequences  of  Sequence  IV;  2, 
Columnar  section,  biostratigraphy,  relative  sea-levels,  component 
systems  tracts,  and  sub-sequence  divisions  of  Sequences  IV-VI. 
Abbreviations:  Palaeo.,  Palaeocyclus  (corals);  H,  hematite;  Phos., 
phosphatic  pebbles;  other  abbreviations  in  Figure  6  explanation.  After 
Goodman  and  Brett  (1994). 


1995) .  The  Willowvale  Shale  contains  ostracodes  of  the 
Mastigobolbina  typus  Zone,  the  small  discoidal  rugose 
coral  Palaeocyclus  rotuloides,  and  Pterospathodus  amorpho- 
gnatlioides  Zone  conodonts  (Figures  4,  13).  To  the  west, 
the  Willowvale  grades  into  green  and  dark  gray  or  black, 
laminated  Williamson  Shale  with  the  graptoloids 
Monograptus  clintonensis  and  Retiolites  genitzianus,  all  of 
which  point  to  a  late  Tely chian  age  (Figures  4,  12).  The 
Willowvale-Williamson  interval  records  the  deepest 
water  conditions  in  the  Silurian  of  New  York,  and  is  evi¬ 
dently  the  local  signature  of  the  late  Telychian  maximum 
highstand,  which  has  been  identified  in  nearly  all  loca¬ 
tions  globally  (Johnson  et  al.,  1985, 1990a,  1990b;  Johnson, 

1996) .  Thin,  apparently  bentonitic  clays  near  the  base  of 
the  Williamson  Shale  (Brett  et  al.,  1994)  may  also  signal 
renewed  tectonism  in  the  Appalachian  hinterland  (Etten- 
sohn  and  Brett,  this  volume).  It  is  notable  that  ash  beds 
may  also  occur  in  late  Telychian  strata  elsewhere  in  the 
Appalachians  (see  section  on  Alabama,  below). 

The  Williamson-Willowvale  interval  (subsequence 
IVA)  has  been  interpreted  as  the  early  (maximum) 
highstand  of  Sequence  IV  (Brett  et  al.,  1990;  Figure  12). 
The  higher  parts  of  this  depositional  sequence  (subse¬ 
quence  IVB)  are  recorded  in  rhythmically  bedded,  argilla¬ 
ceous  carbonates  and  shales  of  the  Rockway  Formation  in 
western  New  York  (Figures  4, 12,  14).  These  beds  contain 
Costistricklandia  sp.  cf.  C.  lirata  and  conodonts  of  the  up¬ 
per  Pterospathodus  amorphognathoides  Zone  (Rexroad  and 
Rickard,  1965;  Kleffner,  1991).  Hence  the  Rockway  may 
be  latest  Telychian  or  earliest  Wenlock.  It  generally  dis¬ 
plays  a  distinctive  basal  lag  bed  with  phosphatic  nodules 
and  scattered  quartz  granules  (Salmon  Creek  bed;  Lin 
and  Brett,  1988;  Brett  et  al.,  1995;  Figure  12). 

Eastward  in  central  New  York,  the  Rockway  For¬ 
mation  becomes  increasingly  shaley.  Easternmost  sec¬ 
tions  contain  thin-  to  medium-bedded  intervals  of 
hummocky  cross-laminated,  fine-grained  dolomitic 
sandstone  or  sandy  dolostone  near  Clinton,  New  York, 
where  the  interval  is  designated  the  Dawes  Formation 
(Figures  4,  12,  13;  Zenger,  1971).  The  basal  Salmon 
Creek  Bed  becomes  increasingly  enriched  in  hematitic 
ooids  and  pebble-sized  quartz  grains,  and  it  locally  re¬ 
sembles  and  has  been  confused  with  the  younger 
Kirkland  Iron  Ore  (Figures  12,  13). 

SEQUENCE  V. — The  upper  part  of  the  Clinton  Group 
sharply  overlies  the  Rockway-Dawes  succession  (Figures 
4,  7, 12).  The  contact  is  everywhere  marked  by  a  planar  to 
slightly  wavy  erosion  surface  (Brett  et  al.,  1995),  but  there 
does  not  appear  to  be  any  major  regional  beveling  of  beds 
or  a  major  biostratigraphic  discontinuity  at  this  discon- 
formity  in  New  York. 
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FIGURE  14 — Columnar  section,  biostratigraphy,  relative  sea-levels, 
component  systems  tracts,  and  subsequences  of  Sequences  IV-VI  at 
Niagara  Gorge,  New  York-Ontario.  Abbreviations  in  Figure  6 
explanation.  Relative  sea-level  curve  is  calibrated  by  benthic 
assemblages  (BA)  1-5;  see  Figure  9  for  explanation.  After  Brett  et  al. 
(1990). 


In  western  New  York  and  Ontario,  Sequence  V  com¬ 
prises  three  formations  and  has  been  divided  into  three 
subsequences  (Figures  12,  14).  The  Irondequoit  Limestone 
consists  of  2-3  m  of  crinoidal  pack-  or  grainstone  with 
small  bryozoan-algal  mud  mounds.  It  is  early  Wenlock  on 
the  basis  of  the  ostracode  Paraechmina  spinosa  and  Kockelella 
ranuliformis  Zone  conodonts  near  its  top  (Rexroad  and 
Rickard,  1965;  Kleffner,  1991;  Figures  12-14).  The  overlying 
Rochester  Shale  ranges  from  less  than  1  m  (near  Flamilton, 
Ontario)  to  over  40  m  east  of  Rochester,  and  consists  of 
medium  to  dark  gray  mudrock.  The  lower  member,  or 
Lewiston  Member,  displays  bundles  of  fossiliferous  (bryo- 
zoan-  and  brachiopod-rich)  argillaceous  limestone  in  the 
lower  third  and  near  its  top  (Figure  14).  The  contact  with 
overlying  dark,  sparsely  fossiliferous  mudstone  of  the 
Burleigh  Hill  Member  is  sharp  (Brett  et  al.,  1995).  The 
DeCew  Formation  is  a  thin  (1-3  m),  sparsely  fossiliferous, 
argillaceous  dolostone  with  distinctive  slump  folding 


(Zenger,  1965)  (Figures  12,  14).  In  west-central  New  York, 
the  upper  DeCew  appears  to  grade  into  the  medium  gray, 
highly  fossiliferous  Glenmark  Shale,  which  closely  re¬ 
sembles  the  Rochester  but  carries  a  distinctive  fauna  with 
the  brachiopods  Nucleospira  pisiformis  and  Wlutfieldella  sp. 
cf.  W.  manjlandica  (Brett  et  al.  1990,  1995).  The  Kockellella 
ranuliformis-Ozarkodina  sagitta  (s.l.)  conodont  zonal  bound¬ 
ary  occurs  in  the  upper  Rochester  Shale  slightly  below  the 
DeCew  Dolostone  (Rexroad  and  Rickard,  1969).  Flence  the 
Rochester  and  DeCew  apparently  are  Sheinwoodian. 

In  central  New  York  near  Clinton,  the  Irondequoit 
Limestone  becomes  a  ferruginous,  crinoidal-bryozoan- 
rich  dolostone  (Zenger,  1971)  and  passes  eastward  into 
the  fossiliferous  Kirkland  Iron  Ore,  the  highest  formally 
named  ironstone  bed  of  the  Clinton  Group.  Near  Her¬ 
kimer,  this  bed  apparently  grades  laterally  into  a 
Skolithos- bearing,  coarse  quartz  arenite  of  the  basal 
Herkimer  Formation  (Zenger,  1971;  Brett  and  Goodman, 
1996;  Figures  12,  13).  Also  in  the  Clinton-Utica  area,  the 
Rochester  Formation  becomes  increasingly  sandy  and 
contains  lower,  middle,  and  upper  sandstone  tongues  of 
the  Joslin  Hill  Member  of  the  Herkimer  Formation 
(Zenger,  1971;  Brett  and  Goodman,  1996).  Both  the  lower 
and  middle  sandstone  tongues  are  capped  locally  by  he- 
matitic,  crinoidal-bryozoan  grainstones  that  closely  re¬ 
semble  the  older  Kirkland  Iron  Ore.  It  is  notable  that 
these  beds  immediately  underlie  eastward-extending 
tongues  of  gray  fossiliferous  shale  and  thus  represent 
flooding  surfaces  in  the  Rochester-Herkimer  interval. 
Similarly,  the  DeCew-Glenmark  interval  persists  east¬ 
ward  as  a  shaly,  fossiliferous  zone  with  very  minor  phos- 
phatic-hematitic  beds  near  its  base. 

The  DeCew-Rochester  interval  is  everywhere 
sharply  overlain  by  crinoidal  grainstones  or  dolomitic 
sandstones  of  the  basal  Lockport  Group  (Sequence  V; 
Figures  12,  14).  This  contact  is  also  a  regional  angular 
unconformity,  with  the  DeCew-Rochester  succession 
completely  cut  out  between  St.  Catharines  and  Hamilton, 
Ontario.  A  similarly  sharp  but  more  cryptic  contact  sepa¬ 
rates  the  Glenmark  Shale  from  overlying  shales  and  lime¬ 
stones  of  the  Sconondoa-Ilion  (McKenzie)  Members  in 
central  New  York  (Brett  et  al.,  1990;  Brett  and  Goodman, 
1996),  and  a  comparable  contact  exists  in  Pennsylvania 
and  Maryland  (discussed  below). 


FIGURE  15 — (opposite)  Llandovery-lower  Wenlock  from  west-central 
New  York  to  southeast  Tennessee.  Light  gray  stipple  is  sandstone  facies; 
dark  gray  is  ironstone  (hematite  ore)  beds.  Abbreviations:  SH, 
Sheinwoodian;  WEN,  Wenlock;  P.G.,  Power  Glen  Shale;  other 
abbreviations  in  Figures  4  and  6. 


108 


Brett,  Baarli,  Chowns,  Cotter,  Driese,  Goodman,  and  Johnson 


Sequences  in  Central  Pennsylvania 
and  Western  Maryland 


ROSE  MILL  FORMATION 


EARLIER  WORK. — The  central  Appalachian  fold  belt  ex¬ 
tends  through  central  Pennsylvania  and  western  Mary¬ 
land  and  has  excellent  exposures  of  Silurian  strata  (Fig¬ 
ures  2,  15).  Indeed,  most  of  the  ridges  of  the  Valley  and 
Ridge  Province  are  underlain  by  resistant  Lower  Silurian 
Tuscarora  Sandstone.  Studies  of  Silurian  stratigraphy  in 
Pennsylvania  commenced  in  the  1830s  with  the  work  of 
H.D.  Rogers.  Rogers  (1858)  divided  the  Lower  Silurian 
into  the  "Levant  Series",  roughly  the  Tuscarora  Sand¬ 
stone,  and  the  "Surgent  Series",  approximately  the 
equivalent  of  the  Clinton  Group  in  New  York  and  with 
most  of  the  significant  iron  ore  beds.  Subsequently,  im¬ 
portant  studies  of  stratigraphy  and  biostratigraphy  of  the 
Lower  Silurian  of  Pennsylvania  and  Maryland  included 
those  of  Ulrich  and  Bassler  (1923),  Swartz  (1923),  Swartz 
and  Swartz  (1931),  and  Swartz  (1934a,  1934b),  all  of 
whom  emphasized  ostracode  zonation  in  attempts  to  cor¬ 
relate  the  thick  Rose  Hill  and  Mifflintown  Formations 
into  the  better-known  sections  in  New  York  (Figure  10). 
The  seminal  work  of  Hunter  (1970)  helped  define 
lithofacies  patterns  in  the  subsurface  of  the  central  Appa¬ 
lachians.  More  recently,  studies  by  Cotter  (1983,  1988, 
1991,  this  volume)  and  Cotter  and  Link  (1993)  have  eluci¬ 
dated  sedimentologic  aspects  and  small-scale  cyclicity  of 
Silurian  rocks,  especially  those  of  the  ferruginous  strata 
in  central  Pennsylvania.  Brett  et  al.  (1990)  and  Goodman 
and  Brett  (1994,  1996)  attempted  to  place  the  Silurian 
strata  of  the  central  Appalachians  into  the  framework  of 
depositional  sequences  and  subsequences  recognized  in 
New  York  and  Ontario.  The  following  sections  summa¬ 
rize  the  present  status  of  these  litho-  and  biostratigraphic 
studies. 

SEQUENCE  I. — The  Tuscarora  Sandstone  is  a  thick  (200- 
300  m),  lithologically  variable  siliciclastic  wedge  (Figures 
15, 16,  29).  To  the  northwest  near  the  Allegheny  Front,  the 
formation  consists  of  interbedded  sandstone,  siltstone, 
and  shale  with  marine  trace  fossils  that  suggest  fully  ma¬ 
rine  to  somewhat  restricted  (brackish  water?)  environ¬ 
ments  (Cotter,  1983a;  Figure  16).  Tine  Tuscarora  becomes 
an  increasingly  coarse-grained,  massive  to  trough 
cross-stratified  sandstone  and  conglomerate  to  the  south¬ 
east  in  Pennsylvania.  These  facies  are  inferred  to  repre¬ 
sent  shelf  sand-wave  environments  (Cotter,  1983a;  Figure 
16).  These  deposits  pass  laterally  to  the  northeast  into  the 
basal,  coarse  sandstones  and  conglomerates  of  the  Sha- 
wangunk  Formation;  the  latter  have  been  interpreted  as 
subaerial  braidplain  deposits  (Cotter,  1983a).  Thus,  a  full 
spectrum  of  depositional  environments  from  continental 
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FIGURE  16 — Tuscarora  Formation  in  Pennsylvania.  1,  Cross-section  of 
Tuscarora  Formation  across  the  valley  and  ridge  from  northwest- 
southeast  with  facies  interpretation.  Note  southeast-extending  tongues 
of  marine-influenced  facies  near  base  and  top  of  formation;  2,  Inferred 
paleogeography  for  Tuscarora  Sandstone.  Note  line  of  cross-section  in 
Figure  16.11.  Adapted  from  Cotter  (1983). 


to  fully  subtidal  marine  are  represented  in  the  Tuscarora 
Sandstone. 

Despite  the  much  greater  thickness,  northwestern 
exposures  of  the  Tuscarora  Formation  (more  than  200  m- 
thick)  display  some  striking  similarities  with  the  Medina 
Group  (15-30  m)  in  New  York.  A  succession  somewhat 
comparable  to  that  of  the  Medina  Group  occurs  in  the 
Tuscarora  at  Mill  Hall,  Pennsylvania,  the  most  distal  out¬ 
crop  (Figure  17).  The  lower  part  of  this  succession 
consists  of  massive,  trough  cross-bedded  quartz  arenite, 
possibly  correlative  with  the  Whirlpool  in  western  New 
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FIGURE  17 — Tuscarora  Sandstone  at  Mill  Hill,  Pennsylvania,  with  distribution  of  sandstones  (stippled).  Explanation:  diagonal  ruling,  tabular 
cross-bedded;  concave-up  surfaces,  trough  cross-bedded;  and  mudstones  (black),  and  various  trace  ichnogenera.  Units  A-G  of  Cotter  (1983;  see 
text  for  discussion).  Probable  lithostratigraphic  equivalents  of  Medina  Group  in  western  New  York  indicated  to  left  of  columns;  sequence 
stratigraphic  term  abbreviations  explained  in  Figure  6.  Adapted  from  measured  section  in  Cotter  (1983a). 


York.  A  sharp  change  to  a  30  m-thick  interval  of  dark  gray 
shales  with  interbedded,  cross-bedded  sandstones  about 
32  m  above  the  base  of  the  Tuscarora  may  correlate  with 
the  basal  flooding  surface  of  the  Power  Glen-Cabot  Head 
Shale  of  New  York  and  Ontario  (Brett  and  Goodman, 
1996).  Both  appear  to  record  the  first  major  Silurian  ma¬ 
rine  transgression  in  the  Appalachian  Basin  (subsequence 
IA).  As  noted  above,  this  deepening  may  be  due  to 
tectonic  subsidence,  and  does  not  appear  to  correlate  with 
Johnson's  (1996)  earliest  Silurian  sea-level  highstand. 

Overlying  hummocky  cross-stratified  quartz 
arenites  and  shales  appear  in  the  approximate  position  of 


the  Devils  Hole  and  Grimsby  Sandstones  of  the  New 
York  Medina  Group  (subsequences  IB  and  IC;  Figure  17). 
The  upper  43  m  of  the  Tuscarora  that  were  assigned  by 
Cotter  (1983a)  to  the  Castanea  Member  consist  of  red  to 
reddish-gray,  trough  cross-bedded  bioturbated  sand¬ 
stone.  These  beds  were  interpreted  by  Cotter  (1983)  as 
coastal-flat  sandstones.  At  Mill  Hall,  a  dusky,  reddish- 
gray  sandstone  bed  within  this  interval  exhibits  thorough 
bioturbation  (large  Daedalus  and  Arthrophycus ;  identified 
as  Diplocraterion  by  Cotter,  1983a;  see  Brett  and  Goodman, 
1996).  This  bed  may  correlate  with  the  main  Daedalus  in¬ 
terval  in  the  Thorold  Formation  (base  of  subsequence  ID) 
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in  New  York.  This  sandstone  is  overlain  by  about  8  m  of 
reddish  sandy  shale  and  argillaceous  sandstone  that  is 
perhaps  equivalent  to  the  Cambria  Shale  that  overlies  the 
Thorold  in  New  York.  The  latter  correlations  are  sup¬ 
ported  by  subsurface  correlations  (J.  Castle,  personal 
communication,  1997;  In  press).  Finally,  the  Castanea 
Member  is  capped  by  about  3  m  of  heavily  burrowed  (in¬ 
cluding  small  Daedalus),  reddish-gray  sandstone  and 
sandy  shales.  This  unit  appears  to  correspond  to  the 
Kodak  Formation,  the  uppermost  formation  in  the 
Medina  Group  in  west-central  New  York.  It  is  further  no¬ 
table  that  a  thin  layer  of  bluish-gray-weathering,  phos- 
phatic  nodules  occurs  at  the  upper  contact  of  the 
Tuscarora  with  the  Rose  Hill  Shale.  This  bed,  which  is 
probably  correlative  with  the  Densmore  Creek  phosphate 
bed  of  western  New  York,  marks  a  major  transgressive 
surface-sequence  boundary  at  the  top  of  Sequence  I. 

SEQUENCE  II. — Much  of  the  Lower  Silurian  in  central 
Pennsylvania  and  western  Maryland  consists  of  a  clay 
shale-dominated  succession  assigned  to  the  Rose  Hill 
Formation  (Figures  15,  18).  The  Rose  Hill  Formation  is  a 
relatively  thick  (300-350  m),  poorly  differentiated  inter¬ 
val  of  greenish-gray  to  maroon  clay  shales  that  is  prob¬ 
ably  middle  Aeronian-latest  Telychian  and  which  may 
range  into  the  early  Wenlock  (Berry  and  Boucot,  1970). 
Rose  Hill  strata  record  a  general  marine  transgression 
and  a  major  influx  of  fine-grained  siliciclastics,  but  a  re¬ 
duction  of  sand  and  coarser-grained  sediments.  Hence 
Rose  Hill  deposition  may  be  associated  with  erosional 
lowering  of  relief  during  a  tectonically  quiescent  inter¬ 
lude.  Carbonate-  and  hematite-rich  intervals  are  less 
prominent  than  in  the  New  York  sections  of  equivalent 
Clinton  Group  strata,  but  two  major  packages  of  thin-  to 
medium-bedded,  laminated  to  hummocky  cross-strati¬ 
fied  hematitic  sandstone  have  been  recognized.  These 
units  are  the  Cabin  Hill  and  Center  Members  (see  Cotter 
1988,  1991,  1996)  that  separate  the  informally  recognized 
(Cotter,  1983b,  1988)  lower,  middle,  and  upper  shaly 
members  of  the  Rose  Hill  Formation  (Figures  15, 18). 

The  Rose  Hill  is  particularly  rich  in  ostracodes,  and 
the  succession  of  ostracodes  in  Maryland  and  Pennsylva¬ 
nia  was  detailed  by  Ulrich  and  Bassler  (1923),  Swartz  and 
Swartz  (1931),  Swartz  (1934a,  1934b).  Ostracode  bios¬ 
tratigraphy  provides  the  primary  means  to  correlate 
members  of  the  Rose  Hill  with  Clinton  Group  units  in 
New  York  sections  and  elsewhere  (Figure  10).  Based 
upon  ostracode  zonation,  the  five  lithological  subdivi¬ 
sions  of  the  Rose  Hill  can  be  correlated  with  units  of  the 
lower-middle  parts  of  the  Clinton  Group  in  west-central 
New  York.  Contrary  to  Hunter's  (1970)  correlation  of  the 
Reynales  and  Wolcott  Limestones  with  the  Cabin  Hill 
and  Center  Members,  respectively,  ostracode  biostratig¬ 


raphy  indicates  that  the  entire  Maplewood-Wolcott  Fur¬ 
nace  interval  (Sequence  II)  in  New  York  is  equivalent 
only  to  the  lower  shaly  member  of  the  Rose  Hill  (see  Fig¬ 
ures  4,  15,  18,  29).  The  Cabin  Hill  and  Center  Member 
sandstones  are  interpreted  by  Brett  et  al.  (1990)  as 
lowstand  sandstones.  These  sandstones  appear  to  divide 
the  Rose  Hill  into  three  depositional  sequences  equiva¬ 
lent  to  sequences  II,  HI,  and  IV  and  to  the  lower,  middle, 
and  upper  Clinton  intervals  of  New  York,  respectively 
(Brett  et  al.,  1990). 

The  lower  shaly  member  of  the  Rose  Hill  Formation 
(ca.  60-100  m-thick)  is  poorly  exposed,  but  where  seen,  it 
is  a  greenish  to  maroon  clay  shale  with  very  minor,  thin, 
calcareous  sandstones.  Lithologically,  much  of  this  inter¬ 
val  closely  resembles  the  thinner  but  partially  equivalent 
lower  and  upper  Sodus  Shale  of  central  New  York  (Fig¬ 
ures  15,  29).  The  lower  shaly  member  bears  a  moderately 
diverse  fauna  dominated  by  small  brachiopods,  tenta- 
culitids,  and  ostracodes  that  are  suggestive  of  shallow 
water,  inner-shelf  environments  (Benthic  Assemblage  2 
or  Eocoelia  biofacies  of  Boucot,  1975). 

Three  ostracode  zones  are  recognized  in  this  lower 
shale  interval  (Ulrich  and  Bassler,  1923;  Swartz  and 
Swartz,  1931).  These  zones  are  the  Zygobolbina  erectaa,  Z. 
excavata,  and  Z.  decora  Zones.  The  Z.  erecta  Zone  has  not 
been  recognized  in  New  York,  and  may  be  absent  at  the 
basal  unconformity  of  Sequence  II  (Figures  10, 18).  The  Z. 
excavata  Zone  of  the  lower  member  is  broadly  equivalent 
to  the  Maplewood  (Neahga)  Shale-Reynales  Limestone 
interval,  which  also  contains  Z.  excavata  (Gillette,  1947). 
As  yet,  no  distinctive  condensed  interval  that  would  cor¬ 
respond  to  the  Furnaceville  or  Sterling  Station  Hematites 
is  recognized  in  Pennsylvania.  However,  a  ferruginous 
sandstone  and  oolitic  ironstone,  the  Cresuptown  iron¬ 
stone,  occurs  at  this  approximate  position  in  the  lower 
Rose  Hill  near  Cumberland,  Maryland  (Swartz,  1923; 
Berry  and  Boucot,  1970;  Figure  20). 

The  Zygobolba  decora  Zone  of  the  lower  Rose  Hill  is 
the  equivalent  of  the  Sodus  Shale- Wolcott  interval  in  New 
York  (Figure  18).  Further  study  is  required  to  determine 
whether  or  not  any  distinctive  markers  occur  in  this  inter¬ 
val  that  would  facilitate  detailed  correlations.  At  present, 


FIGURE  18 — (opposite)  1,  Northwest-southeast  cross-section  of 
Aeronian-Ludlow  (Clinton-Rose  Hill  and  Lockport-Mifflintown) 
across  central  Pennsylvania.  Tongues  of  sandstone  (Cabin  Hill,  Center, 
and  Keefer  Members)  that  prograded  into  the  basin  from  the  southeast 
correspond  to  sequence-bounding  unconformities  in  northwest; 
tongues  of  carbonate  extending  into  basin  from  northwest  are 
approximately  equivalent  to  tops  of  coarsening-up  sandstone  tongues; 
H  is  hematitic  beds.  2,  Appalachian  Foreland  Basin  in  Pennsylvania 
with  relationships  to  southeast  margin  shelf  sand,  central  mud  (=  Rose 
Hill  belt),  and  northwest  carbonate  facies  belts.  After  Cotter  (1983b). 
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FIGURE  19 — Columnar  section,  biostratigraphy,  relative  sea-levels, 
component  systems  tracts,  and  subsequences  of  Sequences  IV  at 
Allenwood,  Pennsylvania.  Abbreviations:  Palaeo.,  Palaeocyclus  (corals); 
H,  hematite;  other  abbreviations  in  Figure  6. 


we  cart  only  note  that  the  two  well-defined  carbonate  in¬ 
tervals  in  Sequence  II  in  New  York  are  poorly  defined  in 
the  lower  Rose  Hill  (Figure  18).  We  suspect  that  this  re¬ 
flects  the  relatively  proximal  position  of  the  Rose  Hill  in 
central  Pennsylvania.  During  deposition  of  the  lower  Rose 
Hill,  this  region  lay  almost  entirely  within  the  inner-shelf 
mud  belt.  In  the  subsurface  of  western  Pennsylvania  and 
eastern  Ohio,  however,  Pentamerus- rich  crinoidal  lime¬ 
stones  (Packer  Shell  or  Oldham  Limestone)  interfinger 


with  the  lower  Rose  Hill  (Crab  Orchard  Group)  Shale 
(Lukasik,  1988;  Figures  15,  29).  Thus,  the  subsurface  region 
of  western  Pennsylvania  and  Ohio  probably  lies  along 
depositional  strike  with  the  lower  Clinton  sections  near 
and  east  of  Rochester,  New  York  (i.e.,  northwest  of  the  in¬ 
ner-shelf  mud  belt  of  the  Rose  Hill). 

SEQUENCE  III. — The  Cabin  Hill  Member,  which  consists 
of  ferruginous  sandstones  and  sandy  shales,  contains 
ostracodes  of  the  Zygobolbina  emaciata  Zone  (Swartz  and 
Swartz,  1931),  an  interval  that  has  not  been  identified  in 
the  New  York  Clinton  Group  (Figures  10,  18,  29).  This 
sandy  interval  probably  represents  deposition  of  coarser- 
grained  siliciclastics  with  a  drop  in  relative  sea-level  that 
produced  the  Sequence  II— III  unconformity  in  New  York 
(Figure  18).  The  tongue  of  Oneida  Conglomerate  at 
Frankfort  Gorge  in  New  York  (Baarli  and  Johnson,  1996) 
may  signal  the  same  lowstand-early  transgressive  event 
as  the  Cabin  Hill  Member  (Figures  28,  29).  This  bed  is 
possibly  of  Z.  emaciata  Zone  age,  because  it  underlies 
shales  with  Mastigobolbina  lata,  but  has  not  yet  yielded 
diagnostic  ostracodes. 

The  relatively  thick  middle  shaly  member  of  the 
Rose  Hill  is  referable  to  the  Mastigobolbina  lata  Zone 
(Swartz  and  Swartz,  1931;  Gillette,  1947),  and  is  thus  cor¬ 
relative  with  the  Sauquoit  Shale-Otsquago  Sandstone  in 
central  New  York  (Figure  20).  These  shaly  intervals  are 
the  highstand  deposits  of  Sequence  III. 

SEQUENCE  IV. — In  thick  sections  of  central  Pennsylvania 
and  Maryland,  the  middle  shaly  member  of  the  Rose  Hill 
Formation  shows  an  upward  increase  in  thin  sandstone 
beds  and  appears  to  grade  upward  into  the  Center  Mem¬ 
ber  (Figures  17,  29).  The  latter  unit,  which  attains  thick¬ 
nesses  up  to  30  m,  consists  of  interbedded  shales  and 
hummocky  cross-bedded  sandstones  that  are  arranged 
into  about  thirteen  coarsening-up  cycles  (Cotter,  1988). 
Each  of  the  1-3  m-thick  cycles  commences  with  greenish- 
gray  shale  and  passes  upward  into  hummocky  cross-bed¬ 
ded  to  flaser-bedded,  ferruginous  sandstones  (Cotter, 
1988,  1991,  this  volume).  The  Center  Member  generally 
appears  to  represent  deposition  during  an  interval  of 
relative  sea-level  lowstand.  Ostracodes  of  the  Bonnernaia 
rudis  Zone,  a  biostratigraphic  interval  missing  in  New 
York,  have  been  reported  from  the  Center  Member 
(Swartz  and  Swartz,  1931;  Figures  15,  18). 

We  infer  that  the  Center  Member  reflects  pro¬ 
gradation  of  coarser  siliciclastics  in  a  series  of  small 
cycles  during  a  regional  lowstand  in  the  middle-late 
Telychian  (C5).  Brett  et  al.  (1990)  inferred  that  this 
lowstand  also  produced  the  major  regional  unconformity 
at  the  base  of  Sequence  IV.  Hence  the  Center  Member  is 
interpreted  as  the  lowstand  deposits  of  Sequence  IV,  and 
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FIGURE  20 — Correlation  chart  for  northern  and  central  Virginia.  Diagonally  ruled  areas  are  hiatuses.  After  Diecchio  and 
Dennison  (1996). 
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is  equivalent  to  an  unconformity  in  areas  that  undewent 
lower  subsidence.  Locally  in  western  parts  of  the  Valley 
and  Ridge  belt  of  Pennsylvania  and  Maryland,  the  sand¬ 
stone  facies  of  the  Center  Member  are  absent,  and  the 
equivalent  strata  are  distinguishable  only  as  an  interval 
of  maroon  shale. 

The  Center  Member  is  overlain  by  10-15  m  of  shale 
with  thin  fine-grained  sandstones  and  limestones  as¬ 
signed  to  the  upper  shaly  member  (Cotter,  1996).  This  in¬ 
terval  is  divisible  into  two  parts  (Figures  15,  18,  19).  The 
lower  half  consists  of  purplish  to  greenish-gray  shales 
with  widely  scattered  lenses  of  coquinoid  limestones  rich 
in  Eocoelia  sulcata  and  other  brachiopods.  Toward  the  top 
of  the  lower  half,  coquinoid  limestones  become  increas¬ 
ingly  abundant,  and  at  nearly  all  localities,  they  are 
capped  by  a  0. 5-1.0  m  bundle  of  thin-bedded,  ferrugi¬ 
nous,  skeletal  packstones.  Locally,  this  distinctive  marker 
interval  is  rich  enough  in  ferric  oxide  to  be  mineable  as 
iron  ore  (e.g.,  "Fossil  Ore"  bed  near  Danville,  Pennsylva¬ 
nia;  see  Cotter,  1996).  The  position  of  these  ferruginous 
limestones  within  the  Mastigobolbina  typus  Zone,  and  the 
occurrence  of  the  zonally  significant  small  rugose  coral 
Palaeocyclus  rotuloides  within  and  slightly  above  these 
beds,  strongly  indicate  that  these  "Fossil  Ore"  beds  corre¬ 
late  with  the  Westmoreland  oolitic  hematite  of  New  York 
(Figure  19).  These  beds  are  interpreted  as  a  condensed 
deposit  formed  during  sediment-starved  conditions  close 
to  the  maximum  flooding  of  the  major,  late  Telychian 
transgression. 

The  uppermost  Rose  Hill  Formation  (upper  part  of 
upper  shaly  member)  consists  of  medium  to  dark  gray 
fossiliferous  shale  with  thin  coquinoid  limestones  and 
typically  at  least  one  bed  of  hematitic  limestone  in  the 
middle  of  the  interval  (Cotter,  1983b;  Brett  et  al.  1990; 
Brett  and  Goodman  1996).  These  uppermost  beds  of  the 
Rose  Hill  contain  diagnostic  Mastigobolbina  typus  Zone 
ostracodes,  and  have  been  correlated  with  the  uppermost 
Pterospathodus  celloni  to  lower  Pterospathodus  amorpho- 
gnathoides  (conodont)  Zones  in  New  York  (Figures  18,  28, 
29).  This  highest  shaly  interval  is  correlated  with  the 
Williamson-Willowvale  Shale  interval  of  New  York  on 
the  basis  of  ostracodes  (M.  typus  Zone),  brachiopods 
(Eocoelia  sulcata ),  and  corals  (Brett  et  al.,  1990).  The  di¬ 
verse  fauna  of  this  zone  suggests  outer  BA  3  to  inner  BA  4 
benthic  assemblages.  This  interval  records  the  deepest 
water  facies  of  the  Rose  Hill  Formation  (Figure  19). 

At  most  localities,  a  complex  condensed  bed  with 
abundant  quartz  pebbles,  phosphatic  nodules,  and 
hematized  grains  occurs  at  or  near  the  top  of  the  Rose 
Hill  Formation,  as  traditionally  defined  (Cotter,  1983b, 
1996).  Based  on  its  position  several  meters  above  the 
Westmoreland  Hematite-equivalent  beds  and  unique 


lithological  features,  this  widely  correctable  bed  appears 
to  be  the  lateral  equivalent  of  the  Salmon  Creek  or  basal 
Dawes  bed,  as  defined  in  New  York  sections.  At  most 
localities,  the  condensed  bed  is  overlain  by  dark  gray  fri¬ 
able  shales  with  thin,  hummocky  cross-bedded  sand¬ 
stones.  This  overlying  interval  is  traditionally  assigned  to 
the  Keefer  Sandstone  (a  member  of  the  Mifflintown  For¬ 
mation;  Cotter,  1996).  However,  it  is  lithologically  and 
biostratigraphically  the  approximate  equivalent  of  the 
Dawes  Sandstone-Rockway  Formation  in  New  York  (i.e., 
the  upper  subsequence  or  late  highstand  of  Sequence  IV; 
Figures  15,  19). 

SEQUENCE  V. — In  nearly  all  outcrops  in  central  Pennsylva¬ 
nia,  Maryland,  and  northern  West  Virginia,  the  Dawes- 
equivalent  shale  and  sandstone  interval  is  abruptly  over- 
lain  by  coarser-grained  and  relatively  massive  quartz 
arenite  or  calcareous  to  hematitic  sandy  carbonate  that  is 
assigned  to  the  upper  part  of  the  Keefer  Sandstone  (Figure 
15, 19).  The  sharp  basal  contact  of  these  coarser  deposits  is 
interpreted  as  the  Sequence  IV-V  boundary,  and  as  such 
the  upper  Keefer  is  the  equivalent  of  the  Irondequoit  Lime¬ 
stone  and  equivalent  basal  Herkimer  Sandstone  in  New 
York  (Figure  12).  At  proximal  (southeastern)  localities,  this 
major  coarse-grained  zone  of  the  Keefer  closely  resembles 
the  lower  Herkimer  Sandstone  of  New  York,  because  it  is  a 
Skolithos- bearing  quartz  arenite  with  minor  stringers  of  he¬ 
matitic  ooids  and  fossils.  At  more  distal  locations  near  the 
Allegheny  front,  the  upper  Keefer  displays  strong  similari¬ 
ties  to  the  Irondequoit-Kirkland  succession  of  west-central 
New  York  (compare  Figures  13  and  19).  Notably,  at  Allen- 
wood,  Pennsylvania,  this  part  of  the  Keefer  has  a  sharp 
basal  contact  overlain  by  ferruginous  sandy  carbonates 
that  resemble  the  Irondequoit  of  New  York,  and  is  simi¬ 
larly  overlain  by  a  shaly  interval.  The  upper  beds  of  the  5 
m-thick  Keefer-Kirkland  interval  at  the  Allenwood  section 
are  sandy  crinoidal  and  bryozoan-rich  pack-  and 
grainstone.  At  most  localities  in  central  Pennsylvania,  the 
top  bed  of  the  Keefer  consists  of  ferruginous,  quartz  gran¬ 
ule-sandstone  with  abundant  Whitfieldella  brachiopods. 
Locally,  some  hematitic  stringers  are  also  present  within 
the  unit,  and  near  Cumberland,  Maryland,  a  thin  bed  of 
oolitic  hematite  ("Rogers  Ore")  occurs  at  the  sharp  upper 
contact  of  the  Keefer  (Swartz,  1923).  These  beds  comprise  a 
condensed  interval  that  caps  the  early  transgressive  sys¬ 
tems  tract  of  Sequence  V,  which  is  represented  by  the 
Keefer  sandstones  and  carbonates. 

The  upper  Keefer  is  everywhere  sharply  overlain  by 
medium  to  dark  gray  shales  and  mudstones,  typically 
assigned  to  the  Rochester  Member  of  the  Mifflintown 
Formation  (Figure  19).  On  the  basis  of  ostracode  bios¬ 
tratigraphy  ( Drepanellina  clarkei  and  Paraechina  spinosa 
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Zones),  this  interval  is  largely  correlated  with  the  Roches¬ 
ter  Shale  of  New  York.  Indeed,  a  bundle  of  shell-  and 
bryozoan-rich  limestones  near  the  middle  of  the  shale 
probably  represents  the  boundary  between  the  Lewiston 
and  Burleigh  Hill  Members  of  the  Rochester,  although  no 
hematites  have  yet  been  identified  at  this  level,  as  they 
have  been  in  central  New  York.  The  upper  quarter  of  this 
shale,  which  typically  contains  argillaceous  calcisiltites 
and  brachiopod  beds  with  Whitfiedlella  man/landica, 
Nucleospira  pisiformis,  and  small  corals,  apparently  corre¬ 
lates  with  the  Glenmark  (or  DeCew)  interval  of  New 
York.  This  distinctive  "W.  marylandica  Zone"  has  been 
correlated  southward  through  central  Pennsylvania  into 
Maryland  and  northern  West  Virginia  (Swartz,  1923; 
Swartz  and  Swartz,  1931).  It  is  also  notable  that  internal 
convoluted  calcisiltite  beds  occur  near  the  base  of  this 
Glenmark  equivalent  in  central  Pennsylvania,  and  oc¬ 
cupy  a  position  analogous  to  the  slump-folded  DeCew  of 
New  York  (compare  Figures  15  and  29).  This  suggests 
that  the  signature  of  a  very  major  seismic  event  may  be 
recorded  even  in  the  central  Appalachians.  Complex  shell 
beds  in  the  W.  marylandica  Zone  also  appear  to  be 
correctable  from  New  York  to  Maryland,  and  suggest 
widespread  condensation,  but  little  or  no  phosphatic  or 
ferruginous  material  is  present. 

This  shaly  lower  ("Rochester")  part  of  the  Mifflin- 
town  Formation  (i.e.,  "Rochester")  clearly  represents  rela¬ 
tively  deep-water  deposits.  Its  diverse  brachiopod  and 
trilobite  assemblages  indicate  offshore  benthic  assem¬ 
blages  (BA  3-4;  Figure  19).  The  sharp  flooding  surface  at 
the  top  of  the  Keefer  and  below  the  overlying  Rochester 
shales  thus  records  the  major  middle  Sheinwoodian 
highstand  that  is  now  recognized  very  widely  (Johnson  et 
al.,  1990a,  1990b;  Johnson,  1996;  Ross  and  Ross,  1996;  Fig¬ 
ure  1).  Not  widely  recognized  is  the  fact  that  a  cryptic  but 
regionally  widespread  disconformity  occurs  above  the 
Whitfieldella  marylandica  Zone  at  the  sharp  basal  contact  of 
the  McKenzie  Member  of  the  Mifflintown  Formation. 
Detailed  observations  show  that  this  surface  locally 
truncates  parts  or  all  of  the  underlying  IV.  marylandica 
Zone  shales  (=Glenmark-DeCew-equivalents),  as  in  the 
outcrops  near  Millerstown  (see  description  by  Cotter, 
1996).  This  contact  is  overlain  at  most  localities  by  a  thin 
(20-30  cm),  orange-weathering  (ankeritic),  dark  gray 
limestone  bed  rich  in  fragmentary  Whitfieldella  shells. 
This  bed  is  everywhere  overlain  by  a  distinctive  succes¬ 
sion  that  includes  black  shales  with  intraformational 
breccias  and  stromatolitic  limestone  and  a  pair  of  very 
widespread,  Favosites-hch  thrombolitic  horizons  (bio- 
herms).  A  virtually  identical  succession  is  traceable  into 
central  New  York,  where  it  forms  the  base  of  the 
Sconondoa-Ilion  Shales  (=McKenzie  Shale)  of  the  lower 


Lockport  Group  (Brett  and  Goodman,  1996).  Thus,  re¬ 
gional  correlations  indicate  that  the  base  of  the  McKenzie 
is  a  major  sequence-bounding  unconformity  identical 
with  the  base  of  Sequence  VI  (lower  Lockport  Group)  in 
New  York  and  Ontario.  The  very  shallow-water,  stroma¬ 
tolitic  sediments  of  the  basal  McKenzie-Sconondoa  are 
regarded  as  a  transgressive  systems  tract  (Figures  13, 19). 
The  very  widespread  thrombolitic  beds  are  believed  to 
correlate  with  reefs  in  the  upper  Gasport  Formation  of 
New  York  (see  Zenger,  1965;  =Pekin  Member  of  Brett  et 
al.,  1995).  The  reefs  and  thrombolitic  buildups  are  consid¬ 
ered  to  reflect  a  maximum  flooding  interval  in  which  up¬ 
ward  growth  may  have  been  triggered  by  deepening  and 
clean  water.  The  sequence  boundary  and  initial  transgres¬ 
sion  correlate  with  Johnson's  (1996)  late  Wenlock  (early 
Homerian)  sea-level  fall. 

Sequences  in  Northern  and 
Central  Virginia  and  West  Virginia 

Most  units  identified  in  Pennsylvania  and  Maryland  per¬ 
sist  into  the  western  parts  of  the  Valley  and  Ridge  belt  in 
northwestern  Virginia  and  eastern  West  Virginia.  Strati¬ 
graphic  studies  of  the  Valley  and  Ridge  initiated  by  Butts 
(1940)  have  been  updated  by  Dennison  (1970),  Diecchio 
(1973),  Helfrich  (1975),  and  Pratt  et  al.  (1978),  and  are  sum¬ 
marized  by  Diecchio  and  Dennison  (1996).  Unfortunately, 
little  detailed  biostratigraphy  exists  for  this  area,  which 
makes  correlation  difficult.  Nonetheless,  depositional  se¬ 
quences  can  be  recognized  and  tentatively  traced  into  adja¬ 
cent  regions.  Lithostratigraphic  units  in  this  area  include  a 
basal  Tuscarora  Sandstone;  maroon  arid  green  Rose  Hill 
Shale;  thin,  coarse,  and  typically  hematitic  Keefer  Sand¬ 
stone;  and  overlying  Rochester  and  McKenzie  Formations 
(Figures  20,  21). 

SEQUENCE  I. — The  Lower  Silurian  Tuscarora  Formation, 
composed  of  trough  cross-bedded  to  massive  quartz 
arenites  and  conglomerates,  persists  throughout  the 
Virginia  Valley  and  Ridge  and  merges  into  the  Clinch 
Formation  to  the  southwest  (Figures  15,  20,  21).  The  base 
of  the  Tuscarora-Clinch  Formations  is  generally  sharp 
and  locally  unconformable  on  the  Upper  Ordovician 
(Dorsch  et  al.,  1994).  Near  Huntersville,  West  Virginia, 
the  base  of  the  Tuscarora  as  earlier  identified  appears  to 
be  conformable  with  the  underlying  red  Juniata  Forma¬ 
tion  (Bambach,  1987).  However,  the  sharp  contact 
between  lower  fine-grained  sandstones  and  the  main 
"coarse  zone"  of  the  upper  Tuscarora  near  Huntersville 
may  represent  the  Cherokee  Unconformity  and  the  sys- 
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FIGURE  21 — Silurian  of  northwest  Virginia.  1,  Locations  of  numbered  columns.  2,  Schematic  northeast-southwest  cross-section  of  Silurian  from 
Massanutten  Mountain  to  near  Roanoke  in  northern  Virginia  and  adjacent  West  Virginia.  Approximate  highstand  intervals  of  sequences  I-IV  of 
Brett  et  al.  (1990)  indicated  with  Roman  numerals.  After  Diecchio  and  Dennison  (1996). 


temic  boundary  between  the  Ordovician  and  Silurian 
(Dorsch  et  al.,  1994;  Driese,  1996). 

SEQUENCES  II-IV. — The  Tuscarora  Formation  is  overlain 
in  western  exposures  by  maroon  sandy  shales  and  he- 
matitic  sandstones  of  the  Rose  Hill  Formation  (Figures 
15,  20,  21).  A  persistent  hematitic  sandstone,  the  Caca- 
pon  Member,  in  the  lower  part  of  the  Rose  Hill  thickens 
southeast  and  probably  once  merged  with  the  Mas¬ 
sanutten  Sandstone,  which  has  been  removed  in  south¬ 
east  Virginia  by  post-Silurian  erosion.  The  Cacopon  may 
record  lowstand  sedimentation  between  Johnson's 
(1987,  1996)  second  and  third  Llandovery  highstands 
(see  Figure  1).  This  lowstand  would  correspond  to  the 
Sodus  Shale-lower  tongue  of  Oneida  Conglomerate  of 
central  New  York  (Figure  15).  Unfortunately,  no  bios- 
tratigraphic  data  are  available  for  the  Cacapon  to  test 
this  correlation.  A  second  and  more  persistent  sand¬ 
stone  tongue  probably  corresponds  to  the  Cabin  Hill 
Member  in  Pennsylvania.  The  third  and  highest  sand¬ 


stone  tongue  in  the  Rose  Hill,  which  may  be  equivalent 
to  the  Center  Member  of  Pennsylvania  and  Maryland, 
records  the  early  Telychian  lowstand  seen  elsewhere  in 
the  basin  (Figures  15,  20).  As  yet,  no  hematite  equivalent 
to  the  Westmoreland  condensed  beds  and  their  equiva¬ 
lents  (base  of  Sequence  IV)  has  been  identified  in  Vir¬ 
ginia,  and  the  position  of  the  late  Telychian  highstand 
has  not  been  established  biostratigraphically.  However, 
the  highest  tongue  of  Rose  Hill  shale  that  immediately 
underlies  the  Keefer  Sandstone  in  west-central  Virginia 
is  a  reasonable  correlative. 

SEQUENCE  V. — The  Keefer  Sandstone  (or  Keefer  Member 
of  the  Mifflintown  Formation)  of  west-central  Virginia 
(Figures  15,  21)  is  a  relatively  thin  (5-10  m)  quartz  arenite, 
typically  with  Skolithos.  Its  base  represents  the  sequence 
boundary  or  lowstand  of  Sequence  V.  As  in  Maryland,  the 
top  of  the  unit  is  marked  locally  by  an  oolitic  hematite 
that  reflects  early  Wenlock  condensation  (Diecchio  and 
Dennison,  1996).  Locally,  where  the  underlying  sand- 
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stone  is  very  thin  or  absent,  the  hematite  bed  persists  as 
the  main  indicator  of  the  stratigraphic  position  of  the 
Keefer.  The  Keefer  Sandstone  tongue  thickens  both  to  the 
northeast,  where  it  merges  into  the  upper  Massanutten 
Sandstone,  and  to  the  south,  where  it  forms  the  basal 
coarse  unit  of  the  “Eagle  Rock"  Sandstone. 

In  west-central  Virginia,  the  Keefer  oolitic  hematite 
beds  are  abruptly  overlain  by  dark  gray  fossiliferous  mud¬ 
stones,  siltstones,  and  thin  limestones  that  are  variously 
assigned  to  the  Rochester  Member  or  Cosner  Gap  Member 
(Helfrich,  1975;  Diecchio  and  Dennison,  1996)  of  the 
Mifflintown  Formation  (or  in  some  cases  to  the  lower  part 
of  the  McKenzie  Formation).  This  relatively  offshore 
mudrock  reflects  major  middle  Sheinwoodian  transgres¬ 
sion,  and  is  probably  equivalent,  in  part,  to  the  Rochester 
Shale  of  New  York  and  Pennsylvania.  Near  Huntersville, 
West  Virginia,  a  coarse  sandstone  tongue  separates  this 
fossiliferous  mudstone  from  the  higher  McKenzie  shale 
and  limestone  succession.  Correlations  show  this  sand¬ 
stone  to  be  a  basinward-extending  tongue  of  the  “Eagle 
Rock"  Sandstone  (Figures  15,  21).  Hence  this  sandstone 
probably  represents  a  lowstand  deposit;  we  suggest  that  it 
may  be  associated  with  the  Sequence  V-VI  boundary,  and 
correlates  approximately  into  the  sub-Lockport  Group 
(upper  Wenlock,  Homerian?)  disconformity  in  the  Niagara 
region.  A  higher  sandstone  tongue  in  the  Clifton  Forge- 
Huntersville  area,  referred  to  as  the  Williamsport  Sand¬ 
stone,  appears  to  correlate  into  the  red  mudstones  of  the 
Bloomsburg  Formation  to  the  north  (Berry  and  Boucot, 
1970;  Diecchio  and  Dennison,  1996;  Figures  15,  21). 

Collectively,  the  Keefer,  lower  McKenzie,  and 
Williamsport  sandstone  tongues  appear  to  merge  to  the 
south  in  the  Roanoke,  Virginia,  area  into  a  relatively 
thick,  presently  undifferentiated  mass  of  white  to  red 
quartz  arenite.  This  is  the  informally  named  “Eagle 
Rock"  Formation  (Figures  15,  21)  that  overlies  the  Rose 
Hill  and  probably  represents  much  of  the  upper 
Llandovery-Ludlow.  The  "Eagle  Rock"  may  represent  a 
southwestern  extension  of  the  massive  sandstones  of  the 
Massanutten  Formation  in  the  north,  and  as  that  interval, 
may  represent  non-marine-braidplain  to  marginal- 
marine  environments. 


Sequences  in  the  Great  Valley 
of  Virginia 


in  the  eastern  Great  Valley  of  Virginia,  the  Lower  and 
Middle  Silurian  are  a  very  thick  interval  (up  to  500  m)  of 
Massanutten  Sandstone  (Figures  15,  20,  21).  Pratt  et  al. 
(1978)  recognized  subdivisions  of  this  previously  undi¬ 
vided  mass  of  sandstone  (Figure  15).  The  lower,  or 


Runkles  Gap  Member,  comprises  up  to  300  m  of  light 
gray,  coarse-grained  quartz  arenite  and  conglomerate 
that  probably  represent  non-marine  braided  stream  facies 
equivalent  to  the  Tuscarora  Formation  (Sequence  I)  to  the 
west  (Pratt  et  al.,  1978).  A  middle  Passage  Creek  (or 
“Clinton")  Member  of  pink  to  brown  muddy  sandstone  is 
the  probable  lateral  equivalent  of  the  Rose  Hill  Shale,  and 
apparently  records  marginal  marine  environments.  In  a 
general  sense,  this  latter  member  reflects  middle  Llan¬ 
dovery  transgressions  (Sequences  II  and  III)  and/or  re¬ 
duction  of  siliciclastic  influx.  The  upper  part  of  the 
Massanutten  displays  three  sandstone  and  shale  tongues 
that  represent  marine  transgressions  (Figures  15,  21).  The 
lower  is  represented  by  muddy  sandstones  with  a  sparse 
marine  fauna;  these  beds  may  represent  the  late 
Llandovery  highstand  (Sequence  IV;  Johnson's  [1996] 
fourth  Llandovery  transgression).  A  middle,  acritarch- 
bearing,  black  shale  might  represent  the  middle 
Sheinwoodian  (“Rochester  Shale",  Sequence  V)  sea-level 
rise  that  is  recognized  globally  (Johnson  et  al.,  1990a, 
1990b;  Johnson,  1996).  The  uppermost  brownish  shale 
tongue  has  been  correlated  with  the  McKenzie  Formation 
(late  Wenlock  to  early  Ludlow)  further  west.  Persistent 
hematite  beds  have  not  been  identified  within  the 
Massanutten. 


Sequences  in  Southwest  Virginia 
and  Northeast  Tennessee 

In  southwest  Virginia,  the  Silurian  is  truncated  by  a 
sub-Devonian  unconformity,  and  the  Lower  Silurian  is 
represented  by  only  two  units — a  lower  Clinch  Sand¬ 
stone,  laterally  equivalent  to  the  Tuscarora,  and  an  over- 
lying  Rose  Hill  Shale.  Near  Cumberland  Gap,  Virginia- 
Tennesee-Kentucky,  where  the  lower  unit  is  less  sandy,  it 
has  been  termed  the  Rockwood  Formation  (Figures  15, 
22,  23). 

SEQUENCE  I. — In  southwest  Virginia  and  northeast  Ten¬ 
nessee,  the  Clinch  Formation  has  been  subdivided  into 
two  members,  a  lower  Hagan  Shale  (15-25  m)  and  an  up¬ 
per,  thicker  (55-65  m)  Poor  Valley  Ridge  Sandstone 
(Miller,  1976).  The  Hagan  Shale  probably  represents  the 
early-middle  Rhuddanian  highstand  recorded  by  the 
Power  Glen  (or  lower  Cabot  Head)  Shale  of  the  Medina 
Group  in  New  York-Ontario  (sub-sequence  IA,  Figure  4). 
Condensed  phosphate-,  hematite-,  and  manganese-rich 
beds  near  the  top  of  the  Hagan  Member  may  record  the 
same  condensed  interval  represented  by  the  Art  Park 
phosphatic  beds  (condensed  bed  in  subsequence  IB)  in 
New  York  and  Ontario.  The  upper,  sandier  Poor  Valley 
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FIGURE  22 — 1,  Clinch  Sandstone  (Hagan  and  Poor  Valley  Ridge  Members)  at  Clinch  Mountain,  Tennessee.  Possible  correlatives 
with  Sequence  I  (Medina  Group)  in  New  York  indicated  with  letters:  P,  major  flooding  surface  possibly  equivalent  to  base  of 
Power  Glen  Shale  in  New  York;  AP,  possible  position  of  condensed  Art  Park  phosphatic-hematitic  beds;  B,  bioturbated  zone  with 
Arthrophycus;  C,  possible  position  of  Cambria  Shale.  2,  Approximate  age  relationships  and  relation  to  eustatic  curves  of  Clinch, 
Rockwood,  and  Brassfield  Formations  of  Tennessee.  After  Driese  (1996). 
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FIGURE  23 — Restored  cross-sections  of  Rockwood  and  equivalent  Clinch  Formations  with  regional  facies  relationships.  1,  Northeast  Tennessee. 
2,  Southeast  Tennessee;  note  that  outcrops  E  and  F  also  appear  on  cross-section  shown  in  Figure  25.  3,  schematic  NW-SE  cross-section  for  eastern 
Tennessee  with  environmental  interpretations.  4,  Map  of  eastern  Tennessee  showing  location  of  cross-sections  in  Figure  23.1-3.  Abbreviations:  A, 
Clinch  Mountain;  B,  Powell  Mountain;  C,  Green  Gap;  D,  Cumberland  Gap;  E,  Tiftonia;  F,  Sequatchie  Valley.  After  Driese  (1996). 


Ridge  Member  of  the  Clinch  and  correlative  upper 
Tuscarora  is  generally  undifferentiated  lithologically,  al¬ 
though  burrowed  zones  rich  in  Arthrophycus  may  record 
the  minor  marine  inundations  that  are  reflected  by  the 
Castanea  Member  of  the  Tuscarora  and  upper  Medina 
Group  to  the  north  in  Pennsylvania  and  New  York  (Fig¬ 
ures  4,  15). 

The  Clinch  is  particularly  well-exposed  at  Beans 
Gap  on  Clinch  Mountain  (Driese,  1996),  and  this  section 
forms  the  basis  for  most  of  the  following  discussion  (Fig¬ 
ure  16).  The  basal  sandstone  bed  of  the  Hagan  Member 
sharply  overlies  the  Ordovician  Juniata  (or  Sequatchie) 
Formation  (Driese  et  al.,  1991;  Driese,  1996).  This  rela¬ 
tively  thick  bed  (3  m)  contains  a  basal  lag  of  red  shale 


clasts  and  phosphatic  nodules  that  are  reworked  from  the 
underlying  Ordovician.  It  is  interpreted  as  a  condensed 
transgressive  sandstone  (Driese  et  al.,  1991;  Driese,  1996). 
Higher  parts  of  the  Hagan  Member  consist  of  shaly  silt- 
stone  and  interbedded,  fine-grained  sandstone  with 
small-scale,  hummocky  cross-stratified  sandstone.  Bur¬ 
rows  and  linguloid  brachiopods  are  abundant  at  some 
levels.  There  is  an  abrupt  increase  in  the  proportion  and 
thickness  of  hummocky  to  trough  cross-bedded  sand¬ 
stone  beds  about  15  m  above  the  base  of  the  Hagan 
Member.  The  upper  third  of  this  sandstone  bundle  is 
extensively  bioturbated  and  capped  by  a  thin  phosphate- 
and  manganese-rich  bed  (Driese,  1996;  Figure  22).  This 
bed  is  overlain  by  thin-bedded  sandstones  arid  shales 
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with  marine  trace  fossils  (e.g.,  Rusophycus),  which  indi¬ 
cate  a  minor  transgression  (Driese,  1996). 

It  is  tempting  to  correlate  the  basal  sandstone,  lower 
shale,  upper  sandstones,  and  phosphatic  bed  in  the 
Hagan  Shale,  respectively,  with  the  Whirlpool  Sandstone, 
Power  Glen  Shale,  Devils  Hole  Sandstone,  and  Art  Park 
phosphatic  beds  of  the  lower  Medina  Group  in  western 
New  York  and  Ontario,  as  well  as  with  equivalent  units 
in  parts  of  the  Tuscarora  Formation  (i.e.,  the  lower  two 
fourth-order  sequences  of  Sequence  I;  compare  Figures  6 
and  22  and  Figures  15  and  29).  Unfortunately,  biostrati- 
graphic  data  for  this  interval  are  very  limited,  and  the 
similarity  of  pattern  is  only  suggestive  of  correlation  at 
this  time. 

The  upper  Clinch  Formation,  or  Poor  Valley  Ridge 
Member,  is  about  56  m  thick  at  Beans  Gap  and  consists  of 
cross-stratified  sandstones  interbedded  with  minor  pink  to 
maroon  shale.  Sandstones,  typically  medium-  to 
coarse-grained  quartz  arenite,  have  been  divided  into 
three  facies:  1)  medium  to  large  cross-stratified;  2)  me¬ 
dium-  to  large-scale,  tabular  cross-bedded;  and  3)  massive, 
heavily  bioturbated  (Figure  22).  Driese  (1996)  reported 
Skolithos  and  Diplocraterion  in  these  beds,  which  overlie 
sandstones  rich  in  Arthrophycus.  These  bioturbated,  mas¬ 
sive  sandstone  beds  in  the  upper  Clinch  may  correspond 
to  the  thoroughly  bioturbated  Daedalus  beds  of  the  upper 
Tuscarora  and  equivalent  Thorold  and  Kodak  Sandstones 
in  western  Pennsylvania  and  New  York. 

SEQUENCE  II. — In  some  locations,  the  Clinch  Formation  is 
abruptly  overlain  by  maroon  clay  shales  that  are  assigned 
to  the  Rose  Hill  Formation  (Marks,  1987).  It  is  particularly 
notable  that  an  oolitic  ironstone  bed  occurs  at  this  contact 
(Driese,  1996).  The  overlying  shales  have  yielded  Eocoelia 
sp.  cf.  E.  hemispherica  (R.  K.  Bambach,  personal  commun., 
1989).  This  lag  bed  may  thus  correspond  to  the  extensive 
phosphatic  and  hematitic  conglomerates  at  the  base  of 
Sequence  II  (Densmore  Creek  bed  of  the  lower  Clinton 
Group  in  New  York),  to  the  corresponding  phosphatic 
bed  at  the  base  of  the  Rose  Hill  in  Pennsylvania,  and  to 
the  Irondale  hematitic  bed  at  the  base  of  the  middle  mem¬ 
ber  of  the  Red  Mountain  Formation  in  Alabama  (see 
below).  Higher  beds  are  apparently  truncated  by  the  sub- 
Devonian  unconformity. 

Sequences  in  Southeast  Kentucky 
and  East  Tennessee 

Silurian  strata  of  southeast  Kentucky  and  most  of  east 
Tennessee  have  been  assigned  to  the  Rockwood  Forma¬ 
tion  (also  called  Red  Mountain  Formation  in  Tennessee; 


Chowns,  1996).  This  formation  is  laterally  equivalent  to 
the  Clinch  Sandstone  and  the  overlying  Rose  Hill  Forma¬ 
tion  of  Virginia  (Figures  15,  23). 

SEQUENCE  I. — The  lower  third  of  the  Rockwood  Forma¬ 
tion,  which  gradationally  replaces  the  Clinch  Formation 
to  the  northwest  (for  example  near  Cumberland  Gap  in 
the  Virginia-Kentucky-Tennessee  tri-state  area),  consists 
of  thin-bedded  sandstone  and  shale  with  a  middle  inter¬ 
val  of  somewhat  thicker-bedded,  hummocky  cross- 
bedded  sandstone.  Skeletal  limestone  and  ironstone  beds 
are  more  numbeous  in  western  outcrops  (Driese  et  al., 
1991;  Driese,  1996;  Figures  15,  23).  To  the  northwest,  the 
lower  two-thirds  of  the  Rockwood  pass  laterally  into  car¬ 
bonates  of  the  Brassfield  Formation  in  Kentucky  (Driese, 
1996).  The  Rockwood  and  Brassfield  are  poorly  dated, 
but  appear  to  represent  only  the  Llandovery  (Rhud- 
danian-late  Telychian).  Higher  parts  of  the  Silurian  have 
been  removed  in  this  region  by  Devonian  erosion.  In 
most  areas,  the  Rockwood  or  Rose  Hill  Formations  are 
overlain  by  Upper  Devonian  (Famennian)  Chattanooga 
Shale. 

Near  Green  Gap,  Tennessee,  the  equivalents  of  the 
Clinch  and  Rose  Hill  Formations  are  assigned  to  the 
Rockwood  Formation  (Figures  23,  24).  As  with  the  later¬ 
ally  equivalent  Clinch  Formation,  the  lower  part  of  the 
Rockwood  Formation  has  a  thin,  basal,  transgressive 
sandstone  that  is  overlain  by  a  very  shale-rich  interval 
equivalent  to  the  Hagan  Member  (Figures  15,  24).  Deep¬ 
est  water  facies  are  represented  about  60-70  m  above  the 
base  of  the  formation;  this  highstand  may  correspond  to 
Johnson's  (1996)  earliest  Silurian  transgression.  A  middle 
sandstone-dominated  interval  of  the  Rockwood  that  cor¬ 
responds  to  the  Poor  Valley  Ridge  Member  is  again 
capped  by  an  oolitic  hematite  that  marks  the  Sequence  I- 
II  boundary,  about  110  m  above  the  base  of  the  formation 
(Driese,  1996). 

The  upper  150  m  of  the  Rockwood  Formation  are 
more  shaly  and  contain  a  few  hematitic,  shell-rich  sand¬ 
stones.  This  part  of  the  section  is  probably  of  Aeronian- 
late  Telychian  age  (C1-C5)  on  the  basis  of  poorly  pre¬ 
served  Eocoelia  brachiopods  (B.  G.  Baarli  in  Driese,  1996). 
It  thus  corresponds  to  the  Rose  Hill  Shale  to  the  north¬ 
east.  Detailed  studies  by  Driese  (1996)  suggest  that  at 
least  three  sea-level  maxima  occur  within  this  succession, 
and  lie  at  about  130  m,  180  m,  and  265  m  above  the  base 
of  the  Rockwood  (Figure  24).  The  two  closer-spaced 
highstands  may  correspond  to  Johnson's  second  and 
third  highstands  (i.e.,  the  Reynales  and  Wolcott  Lime¬ 
stones  of  the  New  York  sections).  The  highest  one,  at  the 
top  of  the  formation,  represents  the  strongest  deepening 
event,  and  is  probably  Johnson's  (1996)  fourth  Silurian 
(late  Telychian)  highstand  (compare  Figures  1  and  24). 
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FIGURE  24 — Roekwood  Formation  at  Green  Gap  on  Whiteoak  Mountain,  Tennessee,  with  inferred  depositional  environments  and  relative 
sea-level  curve.  Interval  approximately  equivalent  to  entire  Llandovery.  Johnson's  (1996)  sea-level  highstands  indicated  by  numbers  J1-J4; 
boundaries  of  sequences  I-IV  of  Brett  et  al.  (1990)  are  shown.  After  Driese  (1996). 


Sequences  in  Alabama  and 
Southeast  Tennessee 


Ihe  Silurian  of  Alabama  has  been  assigned  to  a  single 
formation,  the  Red  Mountain  Formation,  named  for  a 
ridge  southeast  of  Birmingham  (see  Chowns  and 
McKinney,  1980;  Thomas  and  Bearce,  1986;  Figures  25, 


29).  The  Red  Mountain  is  the  source  of  the  famous 
"Clinton  iron  ores",  which  were  mined  in  the  Birming¬ 
ham  area  until  1971.  The  sedimentology,  stratigraphy, 
and  depositional  environments  of  these  strata  have  been 
studied  recently  by  Chowns  and  McKinney  (1980), 
Rindsberg  and  Chowns  (1986),  Driese  et  al.  (1991), 
Bolton  (1992),  Baarli  et  al.  (1992,  1996),  Chowns  and 
Bolton  (1993),  Baarli  (1996),  and  Chowns  (1996).  These 
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FIGURE  25 — Northeast-southwest  cross-section  of  Red  Mountain  Formation  from  northwest  Georgia  to  Birmingham,  Alabama.  Abbreviations: 
sb,  sequence  boundaries;  mf,  maximum  flooding  surfaces.  Sequences  recognized  by  Brett  et  al.  (1990)  indicated  by  Roman  numerals.  After 
Chowns  and  McKinney  (1980). 


publications  provide  the  basis  for  this  summary. 

The  Red  Mountain  Formation  thickens  to  the 
northeast  from  about  78  m  near  Birmingham,  where  it  is 
relatively  condensed,  to  a  maximum  of  over  360  m  in 
northwest  Georgia  (Figure  25).  This  thickening  is  ac¬ 
companied  by  an  increase  in  coarse  siliciclastics,  espe¬ 
cially  in  the  upper  half  of  the  formation  (Chowns  and 
McKinney,  1980;  Chowns,  1996). 

Chowns  (1996)  subdivided  the  Red  Mountain  For¬ 
mation  into  four  informal  members — a  lower,  middle, 
upper,  and  top  member,  which  correspond  essentially  to 
third-order  sequences  (Figures  25,  26).  The  highest  is 
separated  from  overlying  beds  by  a  substantial  uncon¬ 
formity  that  is  probably  of  Pridoli  age  (Berdan  et  al., 
1986).  The  latter  is  excluded  from  Figure  26,  because  it  is 
not  considered  in  this  paper. 

A  significant  unconformity  also  exists  in  some  areas 
of  Alabama  between  the  middle  and  upper  members 
(Figure  26).  However,  in  the  vicinity  of  Birmingham,  the 
lower  three  members  form  a  relatively  conformable  suc¬ 
cession  of  siliciclastics,  thin  carbonates,  and  ironstones 


that  is  early  Llandovery-early  Wenlock,  based  on  bra- 
chiopod,  ostracode,  and  conodont  biostratigraphic  work 
by  Berdan  et  al.  (1986),  Bolton  (1990),  Baarli  et  al.  (1992), 
and  Baarli  (1996).  These  three  members  are  discussed  be¬ 
low  on  the  basis  of  the  type  area  of  the  Red  Mountain 
Formation  near  Birmingham. 

SEQUENCE  I. — The  lower  member  of  the  Red  Mountain 
Formation  is  considered  to  be  Rhuddanian-early 
Aeronian  on  the  basis  of  meager  biostratigraphic  infor¬ 
mation,  primarily  the  occurrence  of  Stricklandia  lens  lens 
at  27  m  above  the  base  of  the  formation  near  Gadsen 
(Baarli,  1996;  Baarli  et  al.,  1996).  It  thus  occupies  approxi¬ 
mately  the  same  position  as  the  Rockwood,  Clinch,  and 
Tuscarora  Formations  and  the  Medina  Group  further 
north.  It  consists  of  about  40-120  m  of  gray  to  maroon 
shales  and  hummocky  to  trough  cross-bedded  sand¬ 
stones.  The  lower  member,  as  presently  defined,  should 
perhaps  be  subdivided  into  two  submembers  near  Bir¬ 
mingham.  A  thin  (0.2-2  m),  basal,  phosphatic  sandstone 
overlies  Middle  to  Upper  Ordovician  strata  with  a  gentle 
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FIGURE  26 — Red  Mountain  Formation  on  Red  Mountain  Expressway,  near  Birmingham,  Alabama.  Units  A-G  of 
Baarli  et  al.  (1996)  and  variations  in  sandstone  content,  relative  sea-levels,  sequence  interpretation,  and  age  shown. 
Systems  tract  abbreviations  in  Figure  6;  sequence  boundaries  indicated  by  dots  below  lines;  one  inferred  subsequence 
(fourth-order)  boundary  indicated  by  dots.  Inferred  positions  of  boundaries  of  sequences  of  Brett  et  al.  (1990)  shown 
by  Roman  numerals  I-TV.  After  Chowns  and  McKinney  (1980). 


angular  unconformity.  This  is  the  local  manifestation  of 
the  Cherokee  or  Taconic  unconformity.  The  phosphatic 
basal  beds  are  considered  to  be  highly  condensed  by 
Chowns  (1996),  who  noted  that  maximum  flooding  is 
close  to  the  base  of  the  lower  member  (Figure  26).  We  in¬ 
terpret  the  beds  to  be  condensed  lag  deposits  of  a  trans¬ 
gressive  systems  tract,  and  the  top  of  the  phosphatic 
sandstones  as  a  maximum  flooding  surface.  No  iron¬ 
stones  are  associated  with  these  condensed  beds,  a  situa¬ 
tion  generally  true  of  the  lowest  Silurian  sequence 
throughout  the  Appalachians. 

Above  the  basal  sandstone,  the  lower  member  dis¬ 
plays  a  general  coarsening-up  motif  (Figures  25,  26). 
Interbedded  shales  with  thin-bedded  sandstones  to 
thicker,  hummocky  cross-stratified  sandstones,  to  coarser, 
trough  cross-stratified  sandstones  (units  A  and  B  of  Baarli, 
1996)  are  followed  by  a  relatively  finer-grained  shaly  inter¬ 


val  (unit  C).  The  shaly  unit  A  interval  corresponds  to  the 
Flagan  Shale  and  the  lower  Poor  Valley  Ridge  Member  of 
the  Clinch  Formation  in  Tennessee,  and  may  correlate  with 
the  Whirlpool-Power  Glen-Devils  Hole-Grimsby  succes¬ 
sion  (subsequences  IA-IC)  of  the  typical  Medina  Group  in 
New  York.  Unit  B  consists  of  thick-bedded  hematitic  sand¬ 
stones  known  as  the  Alfretta  Sandstone  (Sheldon,  1970).  A 
thin  ironstone  may  occur  at  the  unit  B-C  contact.  This  indi¬ 
cates  that  the  B-C  contact  represents  a  marine  flooding 
surface.  Its  age  is  estimated  to  be  close  to  the  Rhuddanian- 
Aeronian  boundary  (Baarli  et  al.,  1996).  Hence  the  Alfretta 
hematitic  sandstones  could  correspond  to  the  thin  interval 
of  heavily  burrowed  sandstones  near  the  top  of  the  Clinch 
and  Tuscarora  (Castanea  Member)  Formations  and  Me¬ 
dina  Group  (Thorold  Sandstone,  Daedalus  zone;  Brett  et  al., 
1995)  further  north  (Figure  29).  The  overlying  coarsening- 
up,  shale  to  HCS  sandstone  interval  (unit  C)  represents  a 
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relative  deepening  and  progradation  that  could  be  equiva¬ 
lent  to  the  Cambria  Shale  and  Kodak  Sandstone  high  in  the 
Medina  Group  (subsequence  ID  in  New  York;  compare 
Figures  6  arid  26).  As  noted  above,  this  deepening  may 
record  the  first  major  eustatic  highstand  of  Johnson's 
(1996)  curve.  Uppermost  parts  of  the  lower  member  may 
be  locally  truncated  by  the  upper  sequence  boundary  ero¬ 
sion  surface  (Figures  26,  29). 

SEQUENCE  II. — The  middle  member  (units  D  and  E  of 
Baarli,  1996)  is  highly  variable  in  thickness  because  it  has 
been  truncated  to  a  varying  depth  by  an  erosion  surface 
(sequence  boundary)  at  the  base  of  the  upper  member. 
Northeast  of  Birmingham,  the  middle  member  may  be 
completely  missing  (Chowns,  1996;  Figure  25).  Near  Red 
Mountain,  the  middle  member  is  dominated  by  highly 
hematitic  sandstone  and  is  comprised  of  four  distinctive 
intervals  (Chowns  and  McKinney,  1980;  Chowns,  1996; 
Figures  25,  26).  The  base  of  this  member  is  consistently 
marked  by  a  persistent  fossiliferous  bed  (1.5  m)  rich  in 
quartz  sand  and  oolitic  hematite  known  as  the  Irondale 
ore  seam  (Sheldon,  1970;  Chowns,  1996).  This  ore  is  con¬ 
sidered  to  be  early  Aeronian  (C1-C2).  Northeast  of  Bir¬ 
mingham,  near  Gadsden  at  the  Duck  Springs  section 
(Figure  25),  this  bed  is  represented  by  a  coral-  and 
intraclast-bearing  hematitic  shale,  which  is  locally  mined 
and  referred  to  as  the  "Big  coral  bed"  (Chowns,  1996;  Fig¬ 
ure  27).  The  Irondale  ore  seam  is  a  transgressive  lag  bed 
that  may  equate  with  the  oolitic  hematite  bed  at  the  base 
of  the  Rose  Hill  Shale  to  the  north  or  the  basal  Densmore 
Creek  phosphatic  bed  at  the  base  of  Sequence  II  in  New 
York  and  Ontario  (Figures  26,  29).  This  lag  bed  is  overlain 
by  a  conglomeratic  bed,  termed  the  "Kidney  seam"  by 
miners  (see  Bearce,  1973),  that  bears  hematite-coated  fos¬ 
sils  and  ironstone  clasts  bored  by  Trypanites.  Bearce  (1973) 
and  Baarli  et  al.  (1996)  interpreted  this  bed  as  a  transgres¬ 
sive  erosion  lag.  If  so,  it  apparently  overlies  an  erosion 
surface  on  the  underlying  Irondale  ore  seam.  This 
lowstand  could  be  correlative  with  the  shallow  water 
Maplewood-Neahga  Shale  in  New  York  (Figure  29).  It  is 
noteworthy  that  reworked  Trypanites- bored  clasts  also  are 
common  in  the  Densmore  Creek  lag  bed  of  the  lowest 
Maplewood  and  Neahga  Shales  of  the  basal  Clinton 
Group  (Sequence  II  of  Brett  et  al.,  1990)  in  New  York  and 
Ontario  (Figure  29). 

The  third  part  of  unit  D  in  the  Birmingham  area  is  a 
thick  (4.5  m)  bed  of  ferruginous,  fossiliferous  sandstone 
and  quartzose  ironstone  with  a  sharp  base,  known  locally 
as  the  "Big  Seam"  (Sheldon,  1970;  Chowns  and  McKin¬ 
ney,  1980;  Chowns,  1996;  Baarli  et  al.,  1996;  Figure  29). 
Hematite-coated  large  corals  and  pentamerid  fragments 
are  especially  common  in  a  zone  near  the  top  of  this  inter¬ 
val,  and  may  represent  a  condensed  bed  associated  with 


maximum  flooding  that  is  possibly  equivalent  to  the 
Furnaceville  Ironstone  (Brewer  Dock)  of  the  lower 
Reynales  Formation  in  New  York  (Figure  29).  The  "Big 
Seam"  becomes  shaly  north  of  Birmingham,  but  the 
equivalent  15  m  interval  of  the  middle  member  at 
Gadsden  has  thin,  fossiliferous  ironstone  beds  in  sandy 
shale  (Figures  25,  27). 

The  top  of  the  middle  member  (unit  E,  7  m)  near 
Birmingham  consists  of  thinner-bedded  silty  shale  and 
coarse-grained  lenticular  sandstone  with  discontinuous 
stringers  of  hematitic  ooids  (Figure  26).  It  is  capped  by  1.5 
m  of  thicker,  more  continuous  sandstone  beds,  and  thus 
apparently  displays  a  shallowing-up  pattern  typical  of  a 
late  highstand  ("regressive")  systems  tract  (Figures  26, 
27).  A  correlative  coarsening-up  interval  that  exceeds  20 
m  in  thickness  is  present  at  the  top  of  the  middle  member 
in  more  proximal  sections  near  Ringgold,  Georgia 
(Chowns,  1996).  The  age  of  this  interval  appears  to  be 
constrained  by  the  occurrence  of  Stricklandia  lens  progressa 
in  overlying  beds  and  Pentamerus  oblongus  above  and  be¬ 
low.  The  late  Aeronian  (C2-C3)  age  of  this  shallowing 
interval  may  correspond  to  the  shallow-water  Sodus 
Shale  in  the  Clinton  Group  of  New  York. 

Near  Gadsden,  Alabama,  the  equivalent  of  unit  E 
consists  of  gray  silty  shale,  and  a  coarsening-up  sand¬ 
stone  interval  is  not  present.  However,  a  5-7  m  interval  of 
argillaceous,  very  fossiliferous  limestone  with  abundant 
Stricklandia  lens  progressa  abruptly  overlies  unit  E  shales. 
Tire  basal  contact  of  this  limestone  may  be  an  erosion  sur¬ 
face,  probably  the  subsequence  IIB  boundary,  which  re¬ 
moved  much  of  the  shallowing-up  facies  at  this  location. 
The  carbonates  are  considered  to  represent  the  transgres¬ 
sive  systems  tract  and  early  highstand  of  this  fourth-or¬ 
der  subsequence.  The  Stricklandia-hch  limestones  appear 
to  correlate  with  a  tongue  of  calcareous  sandstone  with 
abundant  Pentamerus  and  Eocoelia  that  has  been  mapped 
as  the  base  of  the  upper  member  of  the  Red  Mountain 
Formation  and  that  changes  northeast  into  proximal  red¬ 
dish  shale  facies  (Chowns,  1996).  The  presence  of  Penta- 
merus  oblongus  and  S.  lens  progressa  in  these  limestones  and 
sandstones  (Chowns,  1996;  Baarli,  1996)  suggests  a  late 
Aeronian-early  Telychian  age  for  this  interval  and  a  pos¬ 
sible  equivalency  with  the  Wolcott  Limestone  (highstand 
portion  of  subsequence  IIB)  in  New  York  (Figure  29).  The 
middle  member  of  the  Red  Mountain  Formation  thus  rep¬ 
resents  much  of  Sequence  II  and  Johnson's  (1996)  second 
(middle  Aeronian);  locally,  it  represents  parts  of  the  third 
(early  Telychian)  Llandovery  transgressions  and  the  inter¬ 
vening  shallowing  interval  (compare  Figures  1,  26,  27). 

SEQUENCE  III. — In  the  classic  Red  Mountain  sections  near 
Birmingham,  the  upper  member,  as  presently  defined, 
commences  with  a  5  m  interval  of  ferruginous  sandstone 
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FIGURE  27 — Columnar  section,  relative  sea-levels,  inferred  systems  tracts,  and  inferred  sequence  stratigraphy  of  Red  Mountain 
Formation  at  Duck  Springs  near  Gadsden,  Alabama.  Systems  tracts  abbreviations  and  inferred  sequence  boundaries  are  indicated 
as  in  Figures  6  and  26.  After  Chowns  (1996). 
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and  quartzose  oolitic  ironstone  ore  that  closely  resembles 
the  older  "Big  Seam"  (Figures  25,  26,  29).  As  the  "Big 
Seam",  oolitic  ironstone  is  concentrated  in  the  lower  and 
upper  parts  of  this  interval,  while  the  middle  third  is 
composed  of  red  ferruginous  sandstone.  Some  authors 
have  referred  just  the  lower  0.5  m  of  conglomeratic  iron¬ 
stone  to  the  "Ida  seam"  (Baarli  et  al.,  1996),  while  others 
(e.g.,  Chowns,  1996)  refer  the  upper  3.0  m  of  fossiliferous, 
oolitic  hematite  to  the  "Ida".  Because  of  this  confusion  in 
terminology,  we  refer  herein  to  the  entire  5  m  interval 
from  the  basal  conglomerate  to  the  top  of  the  oolitic  iron¬ 
stone  as  the  "Ida  beds". 

As  noted  above,  the  base  of  the  "Ida  beds"  (and  the 
base  of  the  upper  member)  is  delimited  in  the  Birming¬ 
ham  area  by  a  sharply  defined  erosion  surface  that  is,  in 
turn,  overlain  by  a  0.5  m-thick  hematitic  conglomerate, 
with  clasts  of  quartz,  laminated  carbonates,  and  iron¬ 
stone  (i.e.,  the  basal  "Ida"  conglomerate;  Baarli  et  al., 

1996) .  This  bed  overlies  an  important  erosion  surface  (se¬ 
quence  boundary)  that  locally  truncates  major  parts  of 
the  middle  member,  apparently  including  the  Strick- 
landia- rich  carbonates  of  the  Gadsen  area  (see  Chowns, 
1996,  for  discussion).  The  basal  "Ida"  bed  is  considered  to 
represent  another  transgressive  lag  conglomerate,  analo¬ 
gous  to  the  "Kidney  Seam"  (Baarli  et  al.,  1996).  We  inter¬ 
pret  the  "Ida"  interval  as  a  transgressive  systems  tract, 
and  the  well-washed  oolitic  ironstones  at  the  top  as  a 
maximum  flooding  interval. 

The  exact  age  of  the  "Ida  beds"  remains  in  question. 
Baarli  et  al.  (1996)  reported  Stricklandia  lens  progressa, 
which  indicates  a  late  Aeronian-early  Telychian  age, 
from  float  samples  probably  derived  from  the  lower  "Ida 
beds"  near  Birmingham.  Conversely,  he  occurrence  of 
probable  Stricklandia  laevis  in  the  "Ida  beds"  at  Birming¬ 
ham,  and  probably  in  correlative  sandstones  near 
Gadsden  (identified  by  A.J.  Boucot  in  Chowns,  1996),  in¬ 
dicates  an  early  Telychian  (C4-C5)  age  for  this  bed  (Baarli 
et  al.,  1996).  The  latter  age  is  also  suggested  by  the  discov¬ 
ery  of  brachiopods  transitional  between  Pentamerns 
oblongus  and  Pentameroides  suberectns  near  the  base  of  the 
upper  Red  Mountain  Formation  (probable  "Ida  beds")  at 
Fort  Payne,  Alabama  (M.E.  Johnson,  unpublished  data, 

1997) ,  and  probably  in  the  "Ida"  interval  south  of  Bir¬ 
mingham  (Baarli  et  al.,  1992).  Based  on  this  evidence,  we 
interpret  the  "Ida  beds"  to  be  early  Telychian,  and 
approximately  equivalent  to  the  middle  Clinton  Group 
(Sequence  III)  in  New  York. 

The  erosional  sequence  boundary  below  the  "Ida 
beds"  probably  represents  the  Sequence  II— III  boundary 
of  the  northern  Appalachian  Basin.  However,  this 
unconformity  appears  to  die  out  near  Gadsden,  where 
pentamerid-bearing  HCS  sandstones  correlative  with  the 


lower  "Ida  beds"  appear  to  rest  conformably  on  underly¬ 
ing  Stricklandia  lens- bearing  limestones.  These  sandstones 
may  be  lowstand  deposits  analogous  to  the  Cabin  Hill 
Member  sandstones  in  the  Rose  Hill  Formation  of  Penn¬ 
sylvania,  or  to  the  Oneida  Conglomerate  tongue  and 
Vernon  Station  Iron  Ore  at  the  base  of  the  Sauquoit  Shale 
in  New  York  (Figures  26,  29). 

The  majority  of  Baarli  et  al.'s  (1996)  unit  F  above 
the  "Ida  beds"  consists  of  hematitic  sandstones  with 
thin  stringers  of  hematitic  ooids  and  shales  (Figure  29). 
A  thin  (30  cm)  oolitic  ironstone  bed  has  been  traced 
within  the  middle  of  this  interval  near  Birmingham,  but 
its  significance  is  uncertain.  It  is  notable  that  the  correla¬ 
tive  interval  in  northwest  Georgia  consists  of  distinctive 
red  shales  and  thin  sandstones  (Chowns,  1996),  which 
are  comparable  to  the  middle  shaly  member  of  the  Rose 
Hill  Formation  in  Virginia,  Maryland,  and  Pennsylvania 
and  to  upper  parts  of  the  Sauquoit-Otsquago  Forma¬ 
tions  in  New  York  (Brett  and  Goodman,  1996).  These 
beds  are  interpreted  as  the  highstand  systems  tract  of 
Sequence  III. 

SEQUENCE  IV. — Unit  F  displays  an  apparent 
coarsening-up  succession.  Sandstones  near  the  top  may 
be  equivalent  to  the  Center  Member  of  the  Rose  Hill  For¬ 
mation  in  Pennsylvania,  and  form  the  lowstand  sand¬ 
stone  bundle  of  Sequence  IV  (Brett  et  al.,  1990;  Cotter, 
1996).  These  beds  are  abruptly  overlain  by  hematitic 
sandstones  and  ferruginous  limestones,  earlier  referred 
to  as  the  "Hickory  Nut  seam"  (Chowns  and  McKinney, 
1980;  Chowns,  1996).  Near  Birmingham,  the  Hickory  Nut 
seam  is  a  5-6  m  of  red  ferruginous  sandstone  capped  by 
purer  oolitic  ironstones.  There  is  some  confusion  as  to 
what  exactly  the  term  "Hickory  Nut  Seam"  refers  to,  and 
we  designate  the  entire  red  ferruginous  interval  the 
"Hickory  Nut  beds".  This  interval  is  analogous  to  the 
"Big  seam"  and  "Ida  beds",  and  as  them,  has  a  sharply 
defined  base  with  minor  shale  rip-up  clasts,  although  no 
major  conglomerate  is  present. 

The  ferruginous  sandstone  of  the  "Hickory  Nut 
beds"  is  capped  by  oolitic  hematite  with  abundant 
hematized  Pentamerns,  Stricklandia  sp.  cf.  S.  laevis,  corals, 
and  bryozoans  (Chowns,  1996).  The  hematite  represents  a 
condensed  maximum  flooding  interval  analogous  and 
probably  equivalent  to  the  Westmoreland  Iron  Ore  beds 
in  the  type  Clinton  Group  of  New  York  (Figures  25,  26, 
29).  The  probable  equivalent  of  the  top  of  the  "Hickory 
Nut  beds"  is  represented  near  Gadsden,  Alabama,  by  a 
bundle  of  calcareous  sandstones. 

An  abrupt  shift  to  dominantly  shaly  facies  (unit  G  of 
Baarli  et  al.,  1996)  above  the  "Hickory  Nut  seam"  is  inter¬ 
preted  herein  as  a  maximum  flooding  surface.  Lower  unit 
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G  shows  a  gradual  upward  transition  from  fossiliferous, 
greenish  shelf  mudstones  to  sandy  shales  and  sandstones 
(Figure  26).  Brachipods  transitional  between  Stricklandia 
laevis  and  Costistricklandia  lirata  (Baarli,  1996;  M.E. 
Johnson,  unpublished  data,  1997)  date  these  beds  as  late 
Telychian  (C5-C6).  This  major  deepening  almost  cer¬ 
tainly  represents  the  fourth  and  largest  transgression  of 
the  Llandovery  (Johnson,  1996),  and  corresponds  to  the 
shales  of  the  Williamson-Willowvale-uppermost  Rose 
Hill  interval  (subsequence  IVA)  in  the  northern  part  of 
the  basin  (Figure  29). 

It  is  noteworthy  that  Baarli  et  al.  (1996)  reported  two 
possible  bentonite  beds  within  unit  G,  one  near  the  base 
and  another  about  7  m  above  the  base.  The  lower  of  these 
may  correspond  to  the  probable  K-bentonites  near  the 
base  of  the  Williamson  Shale  near  Rochester,  New  York 
(Brett  et  al.,  1994).  Geochemical  fingerprinting  could  help 
test  this  hypothesis. 

A  fourth-order  subsequence  boundary  is  inferred  to 
occur  in  the  upper  part  of  Baarli  et  alii's  (1996)  unit  G.  A  3 
m-thick  bundle  of  hummocky  cross-stratified  calcareous 
sandstone  about  5  m  above  the  upper  oolitic  hematites  of 
the  "Hickory  Nut  beds"  at  Birmingham  has  yielded 
abundant  corals  and  Costistricklandia.  A  similar  and  prob¬ 
ably  correlative  coral  bed  at  Gadsden  has  also  yielded 
Costistricklandia  lirata  in  life  position  (Bolton,  1990).  The 
bed  also  has  diverse,  relatively  large  rugose  corals, 
favositids,  and  stromatoporoids.  It  is  not  known  whether 
Palaeocyclus  occurs  in  this  bed,  but  the  fauna  of  this 
corallifeous  bed  (Figure  27)  may  be  related  to  that  of  the 
diverse  coral  beds  of  the  late  Telychian  Fossil  Hill  Forma¬ 
tion  in  Ontario  (see  Bolton,  1957).  The  coral-  and 
Costistricklandia- bearing  bed  in  Alabama  exhibits  a  minor 
facies  dislocation  at  its  base,  and  is  in  turn  overlain  by 
gray  silty  to  sandy  mudstones  and  sandstones.  This  suc¬ 
cession  is  interpreted  as  a  fourth-order  sequence,  prob¬ 
ably  equivalent  to  subsequence  IVB,  the  Rockway 
Dolostone-Dawes  Sandstone  or  lower  Keefer  Sandstone 
in  the  north-central  Appalachians.  The  coral-Cosfz- 
stricklandia  bed  may  be  equivalent  to  the  minor  transgres¬ 
sive  systems  tract  represented  by  the  Salmon  Creek-basal 
Dawes  bed  in  New  York.  It  is  noteworthy  that  an  epibole 
of  Costistricklandia  sp.  cf.  C.  lirata  occurs  immediately 
above  the  base  (Salmon  Creek  bed)  of  the  Rockway  For¬ 
mation  in  southern  Ontario  and  western  New  York. 

The  coral -Costistricklandia  bed  is  overlain  at  Bir¬ 
mingham  and  Gadsden  by  soft  sandy  shales  and 
interbedded,  thin,  hummocky  cross-bedded  sandstones. 
These  upper  fossiliferous  beds  of  Baarli  et  al.'s  (1996)  unit 
G  may  range  into  the  lower  Wenlock  (Berdan  et  al.,  1986); 
however,  they  are  largely  truncated  by  a  major 
unconformity. 


SEQUENCE  V. — Upper  unit  G  shales  and  sandstones  near 
Birmingham  are  sharply  overlain  by  an  8-9  m  interval  of 
massive,  slightly  ferruginous  sandstone  and  quartzose 
crinoidal  limestone  that  locally  has  large-scale  soft  sedi¬ 
ment  deformation  or  slump  features.  These  strata  were 
earlier  identified  as  part  of  the  Lower  Devonian  Frog 
Mountain  Formation  (see  Ferrill,  1984;  Thomas  and 
Bearce,  1986;  Chowns,  1996).  However,  fossils  from  lime¬ 
stones  near  the  top  of  this  interval  include  corals  and 
Costistricklandia,  which  indicate  a  latest  Llandovery-early 
Wenlock  age  (Ferrill,  1984).  We  infer  that  this  sandstone- 
carbonate  unit  records  the  early  Wenlock  lowstand- 
transgessive  systems  tract  of  Sequence  V  (i.e.,  it  is  the 
southern  extension  of  the  upper  Keefer  Sandstone  or 
Bisher  Formation).  It  is  important  to  note  in  this  context 
that  the  possibly  correlative  interval  in  the  Bisher  Forma¬ 
tion  of  eastern  Kentucky  has  similar  large-scale  slump 
structures.  This  deformation  could  represent  a  seismite, 
comparable  to  those  described  above  for  the  somewhat 
younger  (Wenlock)  DeCew  Formation.  At  Centennial 
Plaza  northwest  of  Birmingham,  these  sandstones  are  ap¬ 
parently  conformably  overlain  by  1-2  m  of  dark  gray 
shales.  These  beds  have  not  yielded  diagnostic  fossils, 
but  could  represent  a  feather  edge  of  the  Rochester  Shale 
(or  Mifflintown  Formation).  Unfortunately,  they  are 
largely  cut  out  at  a  major  unconformity. 

Where  overlain  by  the  Pridoli  "top"  member  of  the 
Red  Mountain,  this  surface  probably  is  the  Salinic 
Unconformity  of  the  northern  Appalachian  Basin.  Else¬ 
where,  the  Red  Mountain  Formation  is  unconformably 
overlain  by  the  Frog  Mountain  Formation  sensu  strictu  or 
by  the  Upper  Devonian-Mississippian  Chattanooga 
Shale  or  Maury  Formation  (Chowns,  1996). 

In  contast  to  earlier  interpretations,  we  infer  that  the 
Red  Mountain  Formation  comprises  parts  of  five  third- 
order  sequences.  The  lower  and  middle  members  appear 
to  correspond  to  Sequences  I  and  II  of  the  northern  Appa¬ 
lachian  region.  However,  the  upper  member,  as  presently 
defined,  can  be  divided  into  three  sequences,  rather  than 
one  as  in  earlier  interpretations  (e.g.,  Chowns,  1996).  The 
"Ida"  and  "Hickory  Nut  beds"  are  analogous  to  the  "Big 
seam"  succession  of  the  middle  member,  and  all  three 
ironstones  appear  to  represent  lowstand  to  transgressive 
systems  tracts  of  third-order  Sequences  II,  III,  and  IV,  re¬ 
spectively.  Sequence  V  is  incompletely  represented  by  a 
slightly  ferruginous  and  strongly  deformed  sandstone 
with  a  sharp  base  that  is  probably  equivalent  to  the  upper 
Keefer  and  the  overlying  dark  gray  shale. 

Each  Red  Mountain  Formation  sequence  starts  with 
a  sharp  erosional  base  that  is  correlative  with  a  sequence 
boundary  recognized  throughout  the  Appalachian  Basin 
(Figures  25,  26,  29).  These  sequence  boundaries  are  over- 
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lain  by  ferruginous  sandstones  and/or  conglomerates 
that  are  inferred  to  represent  transgressive  basal  lags.  In 
each  case,  the  sandstones  are  capped  by  oolitic  hematites 
and/or  shell-  and  coral-rich  beds  that  reflect  transgres¬ 
sive  systems  tracts. 

Sequences  in  Rockwood  and  Red 
Mountain  Formations,  Georgia 
and  Southern  Tennessee 

The  Red  Mountain  Formation  shows  an  abrupt  north- 
west-thinning  from  over  360  m  in  northeast  Georgia  to 
less  than  100  m  in  southeast  Tennessee  (Bolton,  1992; 
Chowns,  1996;  Figure  28).  As  noted  above,  the  interval  is 
commonly  termed  the  "Rockwood  Formation"  in  Tennes¬ 
see  (Driese,  1996;  Chowns,  1996),  and  this  local  usage  ob¬ 
scures  its  synonymy  with  the  Red  Mountain  Formation. 
Chowns  (1996;  Figure  15)  recognized  the  lower,  middle, 
and  upper  members  of  the  Red  Mountain  Formation  in 
the  "Rockwood  Formation"  in  Georgia  and  Tennessee.  As 
the  Clinch  and  "Rockwood"  Formations  in  northern  Ten¬ 
nessee,  the  lower  member  in  Georgia  and  southern  Ten¬ 
nessee  has  a  thin  phosphatic  basal  sandstone;  a  lower 
shaly  interval  (roughly  equivalent  to  the  Hagan  Mem¬ 
ber);  and  an  upper  hematitic  sandstone  (Figures  28,  29). 
To  the  west,  the  "Rockwood"  thins  and  has  an  increasing 
proportion  of  skeletal,  hematitic  limestones  that  occur  in 
three  major  tongues  or  bundles  (Driese,  1996).  Just  over 
20  m  of  equivalent  limestone-rich  strata  crop  out  at 
Anderson  Ridge  in  southeast  Tennessee,  where  the  term 
"Brassfield  Formation"  may  be  applied  (Driese  et  al. 
1991;  Driese,  1996). 

As  in  Alabama,  the  lower  member  of  the  "Rock¬ 
wood  Formation"  in  southeast  Tennessee  is  unconform- 
ably  overlain  by  the  middle  member.  The  unconformity 
appears  to  truncate  successively  higher  beds  of  the  lower 
member  ("Rockwood"-Brassfield)  toward  the  west  in 
precisely  the  same  manner  that  upper  Sequence  I 
(Medina  Group)  in  western  New  York  and  Ontario  is  cut 
out  beneath  the  Sequence  II  (lower  Clinton)  sequence 
boundary  (Figure  29).  This  parallelism  may  reflect  a  per¬ 
sistent  NE-SW  trending  high  or  forebulge  that  developed 
on  the  western  rim  of  the  foreland  basin. 

The  base  of  the  middle  member  of  the  "Rockwood 
Formation"  is  a  thin  hematitic  bed  that  appears  to  be 
coextensive  with  the  Irondale  seam  in  Alabama  (Chowns, 
1996;  Figures  28,  29).  This  hematitic  bed  is  almost  cer¬ 
tainly  equivalent  to  the  oolitic  hematite  bed  observed  at 
several  localities  at  the  contact  between  the  Clinch  (or 
middle  sandstones  of  the  "Rockwood")  and  Rose  Hill 
shales  or  equivalents  to  the  north  (Driese,  1996;  discussed 
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FIGURE  28 — Cross-section  of  Rockwood-Red  Mountain  Formation  in 
northwest  Georgia  and  southeast  Tennessee.  From  Chowns  (1996). 


above).  Just  as  in  the  Red  Mountain  Formation  in  Ala¬ 
bama  and  the  Rose  Hill  to  the  north,  the  middle  member 
of  the  "Rockwood"  in  Tennessee  is  relatively  shaly,  and 
contains  at  least  two  persistent  ironstone  intervals  that 
probably  correspond  to  the  "Kidney  bed"  and  "Big 
seam"  of  the  Birmingham  area  (Chowns,  1996). 

The  upper  member  of  the  "Rockwood  Formation" 
has  a  major  sequence-bounding  unconformity  at  its  base 
that  is  overlain  by  a  shell-  and  phosphate-rich  lag  bed 
(Chowns,  1996),  which  is  probably  equivalent  to  the 
Stricklandia  lens  progressa  limestone  package  at  Gadsden, 
Alabama  (discussed  above)  or  possibly  to  the  "Ida"  seam 
(Figures  25-29).  As  in  Alabama,  these  lower  sandstones 
are  overlain  by  maroon  shale,  and  these  are  overlain,  in 
turn,  by  more  cross-bedded  sandstone  at  Ringgold,  Geor¬ 
gia  (Chowns,  1996)  and  Green  Gap,  Tennessee  (Easthouse 
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and  Driese,  1988;  Figure  29).  The  maroon  shales  are  tenta¬ 
tively  assigned  to  a  middle  Aeronian-early  Telychian 
(C1-C5)  age  on  the  basis  of  a  succession  of  poorly  pre¬ 
served  Eocoelia  species.  These  include  E.  sp.  cf.  E. 
hemispherica,  E.  intermedia,  and  E.  curtisi  (B.G.  Baarli  in 
Chowns,  1996;  Figure  29).  The  occurrence  of  E.  hemi¬ 
spherica  above  the  pentamerid-rich  sandstone  at  Ring- 
gold,  Georgia,  is  problematical,  as  the  sandstone  appears 
to  correlate  with  strata  to  the  southwest  that  contain 
Stricklandia  lens  progressa,  a  form  that  normally  appears 
above  the  range  of  E.  hemispherica.  This  problem  demands 
further  study.  At  present,  the  maroon  shales  and  some  of 
the  overlying  sandstones  are  tentatively  correlated  with 
the  "Ida  beds"  and  overlying  greenish  mudstone  interval 
in  Alabama. 

The  stratigraphy  of  the  upper  Rockford  Formation 
has  not  been  studied  in  detail.  However,  the  uppermost 
sandstones  become  thinner-bedded  arid  distinctly  more 
shaly,  and  contain  diverse  brachiopods  and  even  corals 
(Chowns,  1996).  This  change  signals  the  major  deepening 
associated  with  the  fourth  Llandovery  transgression  (Fig¬ 
ures  1,  29).  The  overall  succession  probably  correlates 
with  Baarli  et  al.'s  (1996)  units  F  and  G  (including  the 
"Hickory  Nut  beds")  at  Birmingham  (Figures  26,  29). 

Genesis  of  Silurian  Condensed  Beds 

In  this  report,  we  have  employed  a  broad  definition  of 
the  terms  "condensed  facies"  or  "condensed  beds". 
These  are  thin  intervals,  typically  1-2  m  or  less  in  thick¬ 
ness,  that  represent  prolonged  intervals  of  geologic  time 
and  show  evidence  for  a  complex  series  of  processes. 
The  qualitative  term  "time-rich  strata"  is  more  or  less 
synonymous  with  condensed  beds.  "Condensed  inter¬ 
val"  has  also  come  to  take  on  a  more  specific  meaning  in 
the  context  of  sequence  stratigraphy,  and  refer  to  thin, 
time-rich  strata  located  in  the  transgressive  to  early 
highstand  systems  tract  and  which  are  typically  associ¬ 
ated  with  a  surface  of  maximum  sediment  starvation 
(Loutit  et  al.,  1988;  Baum  and  Vail,  1988;  Kidwell,  1991). 
Most  of  the  widespread  shelly,  ferruginous,  and  phos- 
phatic  beds  discussed  in  higher  sections  of  this  study 
occur  low  in  depositional  sequences.  In  some  instances, 
they  immediately  overlie  the  sequence  boundary  as 
transgressive  lags  (e.g.,  basal  phosphatic-hematitic 
sandstones  of  Sequences  I  and  II  and  Westmoreland  He¬ 
matite  in  Sequence  IV).  In  others,  they  occur  at  or 
slightly  above  a  maximum  flooding  (starvation)  surface 
(e.g.,  Furnaceville  and  Wolcott  Furnace  hematites  in  Se¬ 
quence  II  and  "Rogers  ore"  in  sequence  V).  Condensed 
beds  in  a  particular  region  are  typically  thin  relative  to 
equivalent  strata  elsewhere  (Fiirsich,  1978;  Baum  and 


Vail,  1988;  Kidwell,  1991;  Kidwell  and  Bosence,  1991). 
However,  many  condensed  intervals  reported  herein  in 
the  Silurian  Appalachian  Basin  remain  rather  uniformly 
thin  over  large  distances,  although  they  may  have  once 
been  thicker  in  areas  proximal  to  the  paleoshoreline. 
Unfortunately,  such  evidence  has  typically  been  lost 
during  post-Silurian  erosion,  which  has  removed  the 
most  proximal  facies  from  most  sequences. 

Although  it  is  impossible  to  ascertain  the  exact  time 
interval  represented  by  a  given  set  of  condensed  strata,  it 
is  frequently  possible  to  make  an  assessment  of  the  rela¬ 
tive  magnitude  of  time  represented  by  such  beds  through 
their  relationship  to  sedimentary  cycles.  If  it  is  assumed 
that  the  cycles  were  generated  by  roughly  symmetrical 
oscillations  in  sea-level  (which  may  or  may  not  be  a  valid 
assumption;  see  Cotter,  1988),  one  may  gauge  the  rough 
duration  of  beds  by  the  scale  of  cyclicity  of  which  they  are 
a  part.  Durations  of  larger  cycles  may  be  estimated 
biostratigraphically,  and  those  of  their  subdivisions  by 
interpolation.  For  example,  a  condensed  bed  may  repre¬ 
sent  either  a  major  portion  or  nearly  all  of  the  transgres¬ 
sive  phase  of  a  third-order  cycle  (e.g.  Westmoreland 
Hematite  in  Sequence  IV  of  central  New  York),  and  may 
be  a  few  million  years  in  duration  (e.g.,  Meyers  and 
Milton,  1996).  In  such  a  case,  the  component  beds  would 
probably  each  represent  a  few  hundred  thousand  years  of 
accumulation.  On  the  other  hand,  other  condensed  beds 
clearly  lie  on  flooding  surfaces  associated  with  minor 
cycles  or  parasequences  that  are  small  increments  of  the 
larger-scale  cycles.  This  is  the  case  with  a  number  of  thin 
phosphatic  to  ferruginous  beds  at  the  tops  of  coarsen¬ 
ing-up  shale-sandstone  cycles,  such  as  those  docu¬ 
mented  in  the  Medina  Group  in  New  York  (Duke  and 
Brusse,  1987)  and  in  the  Rose  Hill  Formation  in  Pennsyl¬ 
vania  (Cotter,  1988).  These  beds  represent,  at  most,  an 
average  duration  of  a  few  tens  of  thousands  of  years  of 
accumulation  and  non-deposition. 

The  scales  of  sedimentary  time-averaging  may  also 
provide  another  important  clue  for  estimating  the  dura¬ 
tion  of  condensed  beds  (Fiirsich,  1978;  Kidwell,  1991). 
Kidwell  and  Bosence  (1991)  proposed  a  classification 
scheme  for  time-averaging  that  takes  into  account  taxo¬ 
nomic  and  ecological  factors.  Event  beds  that  show 
evidence  for  very  rapid  deposition  by  turbulence  deposi¬ 
tional  events  include  turbidites  and  tempestites  (Aigner, 
1985;  Kidwell,  1991).  The  presence  of  single  event  beds 
should  not  be  used  to  rule  out  the  possibility  that  an  in¬ 
terval  with  such  beds  is  time-averaged.  For  example, 
very  condensed  intervals  may  consist  of  a  stack  of  event 
deposits,  each  one  separated  widely  in  time  from  adja¬ 
cent  beds.  This  may  be  the  case  with  stacked  graded 
tempestites  that  occur  near  the  base  of  the  uppermost 
Rose  Hill  Formation  in  Pennsylvania. 
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Within-habitat  time-averaging  is  common  in  many 
sedimentary  beds.  It  is  indicated  by  slightly  different 
modes  of  preservation  of  fossils  that  represent  a  roughly 
similar  habitat  or  community.  Most  intervals  recognized 
in  this  report  as  relatively  condensed  contain  reworked, 
disarticulated,  and  abraded  shell  material,  with  well- 
preserved  articulated  individuals  of  the  same  species  on 
the  same  bedding  planes.  In  such  cases  in  shallow  marine 
environments,  one  may  estimate  the  durations  of  these 
beds  at  decades  to  a  few  thousand  years  at  most  (Parsons 
et  al.,  1988;  Kidwell  and  Bosence,  1991).  During  such  a 
time  interval,  the  sea  floor  environment  remained  rela¬ 
tively  uniform,  as  indicated  by  the  presence  of  similar 
suites  of  fossils  with  differing  modes  of  preservation 
above  and  below  the  condensed  bed. 

Beds  with  fossils  that  represent  rather  distinct  depo- 
sitional  settings  indicate  long  time  spans  of  very  low  net 
accumulation  and,  consequently,  sedimentary  condensa¬ 
tion.  Such  accumulations  have  been  termed  "ecologically 
time-averaged"  (Kidwell  and  Bosence,  1991),  and  the 
beds  containing  them  are  time-rich  and  probably  repre¬ 
sent  time  spans  of  thousands  to  a  few  tens  of  thousands 
of  years.  Ecologically  time-averaged  beds  might  repre¬ 
sent  the  transgressive  systems  tract  of  a  third-order 
sequence.  For  example,  certain  beds  in  the  Silurian  Red 
Mountain  Formation  contain  mixtures  of  offshore  to 
shoal  facies  with  Pentamerus  (BA-3)  and  deeper  subtidal 
Stricklandia  (BAM)  biofacies.  Extreme  examples  of  eco¬ 
logical  time-averaging  might  feature  mixtures  of  fossils 
that  represent  nearshore  to  deep  marine  biofacies.  For  ex¬ 
ample,  the  1-5  cm-thick  Second  Creek  phosphatic  bed  at 
the  base  of  the  Williamson  Formation  (Sequence  IV)  in 
central  New  York  contains  mixtures  of  reworked  Eocoelia 
(BA-2)  and  Whitfieldella-Atrypa-Eoplectodonta  (BA-3-4) 
brachiopod  associations,  and  is  immediately  overlain  by 
black  shale  with  monograptids  and  Dicoelosia  (BA-4-5). 
Although  precise  water  depths  are  difficult  to  assess,  one 
may  estimate  that  the  BA-2-5  depth  spectrum  spanned 
tens  of  meters  (Brett  et  al.,  1993).  However,  remains  of  or¬ 
ganisms  that  span  this  complete  depth  range  are  mixed  in 
a  single  bed.  The  Second  Creek  bed  and  other  similar 
units  (e.g.,  Densmore  Creek  bed  at  base  of  sequence  II) 
may  record  the  entire  deepening  phase  (TST)  of  a 
large-scale  cycle.  Such  condensation  seems  clearly  to 
require  the  passage  of  a  substantial  amount  of  time.  Even 


FIGURE  29 — (opposite)  Llandovery-Wenlock  from  Birmingham, 
Alabama,  to  west-central  New  York.  Sequence  interpretations  and 
relative  sea-level  curve  based  on  strata  in  central  New  York;  relative 
depth  scale  calibrated  by  Boucot's  (1975)  benthic  assemblages  (BA)  0-5 
(see  Figure  6  explanation).  Abbreviations:  SH,  Sheinwoodian;  other 
abbreviations  in  Figure  4  and  6  explanations. 


at  the  fastest  rates  of  sea-level  rise  during  deglaciation, 
this  type  of  shift  in  relative  water  depths  would  probably 
require  many  thousands  of  years  (see  Kidwell  and 
Bosence,  1991). 

In  some  instances,  there  is  direct  biostratigraphic 
evidence  for  very  long-term  mixing  within  a  bed.  Index 
fossils  that  represent  two  or  more  distinctive  biostrati¬ 
graphic  zones  may  be  present  in  a  thin  stratigraphic  in¬ 
terval  or  a  single  bed.  Such  accumulations,  referred  to  as 
"biostratigraphically  condensed",  clearly  represent  long 
time  intervals.  One  may  reasonably  estimate  that  such 
mixtures  represent  time-averaging  and  condensation  on 
the  scale  of  several  hundred  thousand  to  a  few  million 
years.  Only  a  few  possible  examples  of  biostratigraphic 
condensation  can  be  noted  in  the  Silurian  sequences  con¬ 
sidered  herein.  Green  shales  in  the  lower  transgressive 
beds  (Whirlpool  Sandstone)  of  Sequence  I  contain  re¬ 
worked  Late  Ordovician  and  non-reworked  Early  Sil¬ 
urian  palynomorphs  (M.  Miller,  personal  commun., 
1986).  Mixtures  of  different  conodont  zones  have  been 
discovered  in  the  Furnaceville  Hematite  at  the  base  of 
Sequence  II,  and  conodonts  attributable  to  the  Ptero- 
spathodus  celloni  and  P.  amorphognathoides  Zones  have 
been  found  commingled  in  the  Second  Creek  phosphatic 
bed  and  equivalent  Westmoreland  Hematite  (M.A. 
Kleffner,  personal  commun.,  1997). 

Other  evidence  for  time  richness  in  sedimentary 
units  comes  from  the  taphonomy  of  fossils  and  early  di- 
agenetic  mineralization  features.  In  particular,  reworked 
fossils  that  show  evidence  of  early  diagenetic  alteration 
provide  clear-cut  evidence  for  erosional  reworking  and 
suggest  long-term  time-averaging.  Rotated  geopetal  fill¬ 
ings  and  bored  and  encrusted  steinkerns  (internal  molds) 
provide  evidence  for  long  intervals  of  relative  sediment 
starvation  and  minor  erosion  of  the  sea  floor  (see  Brett 
and  Baird,  1986,  1993;  Kidwell,  1991).  Most  of  the  phos¬ 
phatic  beds  (Art  Park,  Densmore  Creek,  Second  Creek, 
Salmon  Creek)  and  oolitic  hematite  beds  (e.g.,  Furnace¬ 
ville,  Westmoreland,  and  Kirkland  in  New  York  and 
Irondale,  "Kidney",  and  "Ida"  beds  in  Alabama)  feature 
corroded,  bored,  and  mineralized  steinkerns  and/or 
intraclasts. 

Another  important  indicator  of  sedimentary  con¬ 
densation  is  early  diagenetic  mineralization  within  sedi¬ 
ments,  such  as  the  fillings  of  fossils,  particularly  hematite 
impregnation  or  phosphatization  of  skeletal  fillings. 
Phosphorite  is  common  at  certain  horizons  in  the  Silurian 
of  the  Appalachian  Basin,  and  typically  occurs  as  glossy 
black  nodules  or  reworked  bored  pebbles.  Ferruginous 
mineralization,  in  the  form  of  chamositic  or  hematitic 
ooids  or  fossil  impregnations,  is  notable  in  the  Silurian. 
Both  phosphorite  and  chamosite  (but  perhaps  not  hema¬ 
tite)  are  evidently  early  diagenetic,  and  probably  both 
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formed  within  the  upper  few  centimeters  of  sediment,  as 
indicated  by  the  fact  that  these  minerals  are  commonly 
reworked  into  such  lag  deposits  as  storm  layers  and  re¬ 
worked,  cross-bedded,  skeletal  hash  deposits.  Conditions 
under  which  these  two  forms  of  mineralization  take  place 
remain  somewhat  problematical.  However,  in  recent 
years,  some  progress  has  been  made  toward  understand¬ 
ing  the  genesis  of  phosphatic  nodules  and  ironstones. 

Ironstones  appear  to  have  formed  non-randomly  in 
earth  history,  and  are  particularly  typical  of  times  of 
"greenhouse  climates".  These  include  the  Ordovician- 
Devonian  and  Jurassic-Early  Cenozoic  (Van  Houten  and 
Bhattacharrya,  1982).  Their  formation  may  have  been 
favored  by  increased  weathering  of  terrigenous  rocks 
under  higher  concentrations  of  atmospheric  COz.  They 
also  appear  to  be  typical  of  quiescent  intervals  between 
tectophases  of  orogenies.  Hence  in  eastern  North 
America,  they  occur  in  the  early  Middle  Ordovician,  very 
Late  Ordovician,  and  Middle  Silurian,  and  less  com¬ 
monly  in  the  late  Early  and  Middle  Devonian  (Van 
Houten  and  Bhattacharrya,  1982).  These  are  all  intervals 
of  reduced  tectonic  activity  between  orogenic  pulses. 
This  association  may  result  from  enrichment  of  iron  in 
sediments  during  times  of  lowered  sediment  influx  and/ 
or  deeper  weathering  due  to  less  active  erosion  and  lower 
relief  of  source  terranes  (Cotter,  1991;  Cotter  and  Link, 
1993). 

Under  mildly  reducing  conditions,  the  precursors  of 
ironstone,  such  as  the  iron-rich  clays  berthierine  or 
chamosite,  may  precipitate  in  the  upper  part  of  the  sedi¬ 
ment,  commonly  as  oolitic  coatings  or  impregnations  of 
skeletal  grains.  Later  diagenesis  may  further  oxidize 
these  precursors  to  hematite  or  goethite  (Cotter,  1991). 
Most  Clinton  "fossil  ores"  occur  near  the  interfaces  of 
reduced  iron-rich  muds  and  carbonate  or  sandy  shoal 
facies.  This  suggests  that  critical  redox-boundary  condi¬ 
tions  existed  in  areas  of  relatively  low  sediment  accumu¬ 
lation  in  mixed  siliciclastic-carbonate  sequences  (Cotter, 
1991;  Cotter  and  Link,  1993).  In  particular,  oolitic  hema¬ 
tites  are  most  commonly  associated  with  evidence  for  at 
least  intermittent  agitation  of  the  sea  floor  by  currents  or 
waves.  Many  oolitic  hematite  beds  exhibit  cross- 
statification,  ripples,  sharply  scoured  base,  and  sparry 
cements  (with  winnowing  of  fine-grained  sediment;  see 
LoDuca  and  Brett,  1994;  CEB,  unpublished  data,  1997). 
Hence  they  tended  to  form  close  to  normal  wave  base, 
within  a  zone  that  was  stirred  frequently  by  storms.  This 
is  indicated  by  the  fragmental  nature  of  fossils,  concentri¬ 
cally  coated  grains  of  chamositic,  hematitic  ooids,  or 
spastoliths.  Ironstone  beds  in  the  Silurian  are  typically 
associated  with  green  to  purplish,  nearshore  mudrock 
facies.  In  most  cases,  these  sediments  were  not  highly 
organic-rich. 


Cotter  (1991)  has  shown  conclusively  that  many  or 
most  of  the  Silurian  ferruginous  ooids  and  iron  impreg¬ 
nations  of  skeletal  grains  were  originally  chamositic 
clays.  Thus,  they  derived  from  ferrous  clays  that  must 
have  formed  under  reducing  conditions.  He  inferred  that 
most  of  the  alteration  of  these  original  iron  silicates  to 
hematite  occurred  during  deep-burial  diagenesis  during 
the  Late  Pennsylvanian-Permian  Alleghanian  orogeny, 
when  hot  brines  were  flushed  through  older  sediments. 
Although  this  may  be  true  in  many  cases,  there  are  other 
situations  in  which  it  appears  that  the  hematite  formed 
quite  early.  Some  of  this  oxidation  of  the  ooids  may  have 
occurred  during  reworking  of  the  chamosite-replaced 
material  on  the  sea  floor  within  oxidizing  environments 
(see  Chowns,  1996,  discussion  of  chamositic  and  hemati¬ 
tic  ooids  in  the  Ordovician  of  Alabama). 

Silurian  hematitic  beds  are  commonly  associated 
with  relatively  diverse,  open  marine  fossil  assemblages 
with  pelmatozoans,  bryozoans,  and  a  variety  of  brachio- 
pods.  Cotter  and  Link  (1993)  argued  that  the  shells  were 
emplaced  into  "deep  water"  dysoxic  to  anoxic  muds, 
which  are  typically  represented  by  shales  barren  of  fossils. 
They  inferred  that  many  of  the  hematitic  fossil  beds  repre¬ 
sent  allochthonous  shell  accumulations.  However  in  marry 
cases,  sparsely  fossiliferous  greenish-gray  and  purple 
shales  interbedded  with  the  ironstones  actually  contain 
sparse  remains  of  the  same  species  of  brachiopods  and 
other  fossils  that  are  found  in  the  ferruginous  beds.  Simi¬ 
larly,  Chowns  (1996)  reported  in  situ  burrowing  bivalves 
in  mudstones  that  contain  chamosite  and  hematite  ooids. 
These  data  indicate  that  the  muddy  seafloors  were  not  nec¬ 
essarily  anoxic,  but  represent  environments  similar  to 
those  in  which  the  ironstones  accumulated.  Shells  in  at 
least  some  ironstone  beds  (e.g.,  Westmoreland  Iron  Ore, 
upper  Rose  Hill  Lormation,  and  "Kidney"  and  "Ida"  beds) 
were  probably  concentrated  during  periods  of  low  sedi¬ 
ment  accumulation  rates,  rather  than  as  influxes  from  adja¬ 
cent  oxygenated  shoal  environments  into  lifeless  sea-floor 
settings  below  an  oxycline.  However,  the  chamositic  ce¬ 
ments  may  have  formed  in  reducing  micro-environments 
within  sediment  pores  and  skeletal  interstices.  The  origin 
of  the  concentric  chamositic  coatings  is  more  obscure. 
These  apparently  formed  as  plastic  iron-rich  clays,  because 
they  are  flattened  and  deformed  to  form  spastoliths  (dis- 
coidal  or  "flaxseed"  ooids).  The  precipitation  of  such 
ferrous  clays  in  oxidizing  environments  may  have  been 
mediated  by  bacterial  coatings  on  grains  (Chowns,  1996). 

LoDuca  (1988)  identified  two  main  depositional  set¬ 
tings  for  Clinton  "iron  ore"  or  ferruginous  beds.  These 
are  shoal  margins  and  transgressive  lags.  The  first  type 
occurs  as  localized  lenses  associated  with  inner  shoal 
margin  facies  at  the  interface  between  skeletal  limestones 
and  mudrocks.  Iron,  which  was  originally  concentrated 
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in  chamositic  clays,  was  probably  derived  from  deeply 
weathered  terrigenous  sediments.  Iron-rich  clays  were 
precipitated  around  such  nucleation  sites  as  sand  grains 
and  small  skeletal  fragments.  Mixed  redox  conditions 
probably  occurred  at  the  boundaries  between  inner-shoal 
margins  and  "lagoonal"  reducing  muds.  Cotter  and  Link 
(1993)  proposed  a  somewhat  similar  mechanism  for  the 
concentration  of  ferruginous  clays  that  were  ultimately 
oxidized  into  hematites  along  the  outer  edges  of  shore- 
face  sand  bodies.  They  noted  the  association  of  ferric  iron 
enrichment  in  the  upper  sands  of  many  shallowing-  or 
coarsening-up,  nearshore,  mud-to-sand  cycles.  Precipita¬ 
tion  of  hematitic  cements  and  ooid  coats  on  both  the 
inner  sandy  and  outer  carbonate-bank  sides  of  broad 
shelf  lagoons  is  a  consistent  interpretation.  This  precipita¬ 
tion  in  both  settings  was  a  response  to  lowered  sediment 
accumulation  rates,  either  due  to  winnowing  and  bypass 
of  sediments  or  sea-level  rise,  which  flooded  coastal  and 
starved  offshore  areas. 

Lenticular,  hematized,  fossil-debris  grainstones,  or 
"fossil  ores",  should  be  distinguished  from  more  wide¬ 
spread  sedimentary  iron  ores.  The  latter  include  oolitic 
and  phosphate-rich  ironstone  beds  that  appear  to  form 
condensed  intervals  either  at  the  tops  of  shallowing-up 
cycles  or  the  bases  of  overlying  sequences  and  subse¬ 
quences.  Such  "transgressive  lag"  ironstone  beds  appear 
to  cross-cut  underlying  facies  to  some  degree.  Skeletal 
grainstone  or  packstone  bodies  in  the  Clinton  Group  may 
be  capped  by  fossil  fragmental  or  oolitic  hematites. 
Oolitic  hematites,  commonly  with  quartz  sand  grain  nu¬ 
clei,  also  occur  on  the  tops  of  coarse-grained  sandstone 
bodies  and  are  overlain  by  and/or  interbedded  with 
greenish-gray  shales  (see  Hallam  and  Bradshaw,  1974; 
Hallam,  1992;  Cotter  and  Link,  1993;  Driese,  1996; 
Chowns,  1996).  The  primary  controls  on  their  formation 
may  have  again  been  very  widespread  intervals  of  sedi¬ 
ment  starvation  during  maximum  sea-level  rise,  and  the 
reworking  and  concentration  of  iron  from  such  older 
sediments  as  earlier-formed  chamositic  ooids  and  coated 
fossil  or  quartz  sand  grains.  These  widespread  units  rep¬ 
resent  major  condensed  beds  that  overlie  diastems  or 
major  erosion  surfaces. 

Widespread  complex  oolitic  and  shelly  ironstone 
beds  tend  to  pass  laterally  offshore  into  thin  phosphatic 
lag  deposits.  This  pattern  is  seen,  for  example,  in  the  Art 
Park  hematitic  and  phosphatic  beds  (Sequence  I),  the 
Webster  hematitic  conglomerate  and  laterally  equivalent 
Densmore  Creek  phosphatic  bed  (base  of  Sequence  II), 
the  Verona  Station  oolitic  ore  and  unnamed  phosphatic 
ooid  bed  (base  of  Sequence  III),  and  the  Westmoreland 
oolitic  ironstone  and  coeval  Second  Creek  phosphatic  bed 
(base  of  Sequence  IV).  Both  ferruginous  and  phosphatic 
enrichments  record  sediment-starved  conditions,  but 


they  evidently  formed  under  somewhat  different  sea¬ 
floor  environments. 

In  contrast  to  ferruginous  sediments,  phosphorites 
seem  to  have  formed  on  genuinely  dysoxic  sea  floors.  In 
general,  there  is  less  evidence  for  bottom-water  agitation 
in  phosphorite  nodule  beds,  although  examples  of  con¬ 
centrically  coated  phosphorite  ooids  are  also  known,  as 
noted  above,  in  both  the  Verona  Station  and  Westmore¬ 
land  beds  (CEB,  unpublished  data,  1997).  Unlike  the  typi¬ 
cally  fossiliferous  ironstone  beds,  phosphatic  nodule 
beds  generally  contain  a  low-diversity  fauna  composed 
largely  of  small  gastropods,  bivalves,  and  brachiopods, 
which  represent  more  stressed,  dysoxic  sea-bottom 
conditions. 

Precipitation  of  phosphorite  was  favored  by  an  oxi¬ 
dizing  micro-environment.  Release  of  dissolved  phos¬ 
phate  into  a  sediment's  pore  waters  occurred  under 
anaerobic  conditions.  Under  oxic  conditions,  the  phos¬ 
phate  can  become  adsorbed  to  ferrous  hydroxides  in 
sediment  (Swirydczuk  et  al.,  1981;  Berner  1981;  Allison, 
1988a,  1988b;  Lucas  and  Prevot,  1991).  As  these  ferrous 
hydroxides  were  buried  and  passed  through  the  sedi¬ 
ment  anoxic-oxic  boundary,  they  were  reduced.  This  lib¬ 
erated  phosphates  to  pore  water  (Swirydczuk  et  al.,  1981; 
Lucas  and  Prevot,  1991).  Another  probable  source  of 
phosphate  is  organic  matter,  and  this  may  also  help  to 
explain  the  association  of  phosphatic  nodule  beds  in  rela¬ 
tively  organic-rich,  dark,  offshore  marine  muds.  Dis¬ 
solved  phosphate  may  be  released  back  to  the  water 
column  if  anoxia  persists  to  the  sediment-water  interface. 
However,  if  a  thin  oxidizing  zone  exists  in  pore  water 
within  the  upper  sediment  column,  then  the  phosphates 
may  be  reprecipitated,  especially  around  such  phosphatic 
skeletal  nuclei  as  bones,  conodont  elements,  linguloid 
brachiopod  valves,  or  various  arthropod  sclerites  (Berner, 
1981;  Swirydczuk  et  al.  1981;  Lucas  and  Prevot,  1991). 

If  the  sediment  accumulation  rate  was  low,  then  the 
time  spent  at  this  transition  from  deeper  anoxic  to  surface 
oxidized  interface  will  be  high.  Thus,  a  large  proportion 
of  the  dissolved  phosphate  compounds  will  be  concen¬ 
trated  in  one  sediment  layer.  This  can  increase  pore  water 
levels  of  phosphorus  so  that  phosphate  minerals  can  pre¬ 
cipitate.  These  minerals  may  impregnate  muds  or  form 
concretions  (Baird,  1978;  Lucas  and  Prevot,  1991).  Thus 
the  occurrence  of  phosphatic  fossil  molds  or  concretions 
is  nearly  always  an  indicator  of  low  rates  of  sediment  ac¬ 
cumulation.  Phosphorite  is  commonly  reworked  during 
transgressive  ravinement,  and  most  Silurian  basal  trans¬ 
gressive  lags  (i.e.,  bases  of  Sequences  I-IV)  are  enriched 
in  phosphatic  pebbles.  Thin  and  more  discontinuous 
phosphatic  pebble  beds  may  also  occur  at  marine  flood¬ 
ing  surfaces  (including  maximum  flooding  surfaces).  Ex¬ 
amples  include  the  contact  of  the  Whirlpool  Sandstone 
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and  the  Power  Glen  or  the  contact  of  the  Devils  Hole 
Sandstone  and  lower  Grimsby  shales.  Locally,  these 
pebble  beds  grade  into  oolitic  ironstones. 

In  summary,  phosphatic  nodules  and  ironstones  are 
genetically  related.  Both  tend  to  occur  in  thin  lag  accumu¬ 
lations  that  are  laterally  extensive,  and  may  also  overlie 
the  tops  of  shallowing-up  cycles  and/or  sequence- 
bounding  erosion  surfaces.  Phosphatic  and  ferruginous 
deposits  are  commonly  associated  with  skeletal  concen¬ 
trations,  in  which  taxonomic  and  ecological  composition 
suggest  environmental  scales  of  time-averaged  sedimen¬ 
tation  accumulation  with  prolonged  sediment  starvation. 
Phosphatic  nodules  and  ferruginous  sediments  may 
co-occur.  Hematitic  beds  may  grade  laterally  (typically  in 
an  offshore  direction)  into  non-ferruginous  phosphatic 
nodule  beds  that  represent  distinctive  types  of  deposi- 
tional  environments.  Most  importantly  in  the  Silurian  of 
the  Appalachian  Basin,  widespread  ironstones  and  phos¬ 
phatic  nodule  horizons  are  very  important  indicators  of 
sediment  starvation  within  mudrocks,  and  commonly 
indicate  major  transgressions  and/or  marine  flooding 
surfaces  (Baird,  1978;  Witzke  and  Bunker,  1996). 

Discussion 


Figures  15  and  29  summarize  the  inferred  correlations  of 
Llandovery-early  Wenlock  strata  from  Birmingham,  Ala¬ 
bama,  to  Ohio,  and  into  central  New  York.  Regional 
stratigraphy  indicates  the  persistence  of  five  major  (third- 
order)  depositional  sequences  in  Lower  Silurian  strata 
throughout  the  Appalachian  Foreland  Basin.  Higher  se¬ 
quences  can  be  traced  from  New  York  into  central  Vir¬ 
ginia,  but  erosional  truncation  of  Upper  Silurian  strata  to 
the  south  prevents  extension  of  these  correlations  into  the 
southern  Appalachians.  Moreover,  some  of  the  smaller- 
scale  subsequences  (or  fourth-order  sequences)  may  also 
be  recognizable  in  appropriate  facies  from  New  York  to 
Alabama.  A  key  limitation  is  the  lack  of  detailed  biostrati- 
graphic  zonation  in  some  areas,  but  tentative  correlations 
can  be  made  with  existing  biostratigraphic  control  and 
details  of  cycle  and  event  stratigraphy.  Lowstands  and 
highstands  of  the  depositional  sequences  can  also  be 
related  to  the  global  falls  and  rises  of  sea-level  recognized 
by  Johnson  (1996)  and  others. 

Sequences  and  subsequences  are  most  distinct  in 
more  offshore  (mid-shelf)  facies  throughout  the  study 
area,  but  tend  to  become  obscured  in  thick  marginal  ma¬ 
rine  sandstone  equivalents  (Shawangunk,  Massanutten, 
Eagle  Rock,  Clinch),  where  lowstand  to  transgressive 
sand  bodies  tend  to  become  amalgamated.  Nonetheless, 
the  occurrence  of  shaly,  slightly  fossiliferous  tongues 
within  these  sand  bodies  permits  tentative  recognition  of 


major  highstands.  Shell-rich  and  typically  ferruginous  to 
phosphatic  beds  mark  many  of  the  major  condensed  in¬ 
tervals  associated  with  marine  transgressions,  and  are 
among  the  most  extensive  and  useful  regional  markers. 

Sequence  I  is  characterized  throughout  the  Appala¬ 
chian  Basin  by  a  sharp  basal  erosion  surface  overlain  by  a 
relatively  thick  siliciclastic-dominated  succession  (Me¬ 
dina  Group  and  Tuscarora,  Clinch,  lower  Rockwood-Red 
Mountain  Formations).  At  most  locations.  Sequence  I  is 
readily  differentiated  into  at  least  three  internal  subse¬ 
quences  (Figures  15,  29).  Nearly  all  areas  show  a  basal 
transgressive  sandstone  that  is  typically  marked  near  its 
top  by  thin  phosphatic  deposits  (Whirlpool,  lower  Tus¬ 
carora,  basal  transgressive  sandstone  of  Clinch,  Rock- 
wood,  and  Red  Mountain  Formations).  This  is  succeeded 
by  shaly  deposits  that  occur  relatively  low  in  the  succes¬ 
sion  and  record  maximum  flooding,  probably  during  an 
early-middle  Rhuddanian  sea-level  highstand. 

As  this  highstand  does  not  appear  to  correlate  with 
Johnson's  (1996)  late  Rhuddanian  eustatic  rise,  it  may  in¬ 
stead  record  a  very  widespread  episode  of  foreland  basin 
subsidence.  These  shale-rich  beds  are  abruptly  overlain 
by  a  thin  sandstone  interval,  commonly  with  phosphorite 
and/or  oolitic  hematite  at  their  tops,  and  succeeded  by  a 
return  to  shale  deposition  (Devils  Hole-Art  Park  phos¬ 
phate  beds  and  oolitic  iron  ore  beds  in  the  Clinch  Forma¬ 
tion  of  Virginia).  This  represents  the  lowest  ironstone  in 
the  Silurian.  Finally,  several  sections  have  thin,  heavily 
bioturbated  (with  the  apparently  time-specific  trace  fos¬ 
sils  Arthrophycus  and  Daedalus),  ferruginous  sandstones 
that  indicate  minor  condensed  intervals  (Thorold  and 
Kodak  Sandstones  in  New  York;  Castanea  Member  in 
Pennsylvania  and  Maryland;  and  upper  Clinch  and 
Rockwood-Red  Mountain  Formations  in  Virginia,  Ten¬ 
nessee,  Alabama,  and  Georgia).  Evidence  of  condensa¬ 
tion  and  a  widespread  shaly  interval  high  in  Sequence  I 
(Cambria  Shale;  Clinch-Rockwood;  upper  part  of  lower 
member  of  Red  Mountain)  may  be  a  local,  subdued  re¬ 
flection  of  the  earliest  Silurian  eustatic  highstand. 

Sequence  II  is  marked  nearly  everywhere  by  an 
abrupt  change  to  finer-grained,  green-gray  to  maroon 
siliciclastics,  carbonates,  and  ironstones  (lower  Clinton 
Group  [New  York],  lower  Rose  Hill  Formation  [central 
Appalachians],  middle  member  of  Rockwood-Red 
Mountain  Formation  [southern  Appalachians],  top  of 
Brassfield  Formation  [Kentucky,  Ohio])  (Figures  15,  29). 
This  change  appears  to  coincide  with  an  early  Aeronian 
sea-level  highstand,  but  the  decrease  in  coarser-grained 
siliciclastics  and  influx  of  red  clays  may  also  signal  a 
tectonically  quiescent  interlude,  lower  relief,  and  deeper 
weathering  of  source  terranes.  Overall,  Sequence  II  is  the 
most  phosphate-  and  iron-rich  of  all  of  the  sequences.  A 
thin  bed  of  phosphatic  nodules  and/or  oolitic  hematite. 
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the  second  major  ironstone,  immediately  overlies  the 
basal  contact  at  most  sections  (Densmore  Creek-Webster 
beds  [New  York  and  Pennsylvania],  unnamed  hematites 
[central  Appalachians],  Irondale  bed  [Alabama]).  This 
unit  represents  a  basal  transgressive  lag.  Several  beds  or 
stringers  of  fossiliferous  to  oolitic  hematite  also  occur  in 
Sequence  II  in  New  York  (Fumaceville,  Sterling  Station, 
middle  Sodus,  and  Wolcott  Furnace  ironstones)  and  in 
Alabama  ("Big  seam"  and  laterally  equivalent  ironstone 
stringers  in  the  Rockwood  Formation).  These  hematitic 
beds  reflect  minor,  probable  fourth-order  flooding  sur¬ 
faces,  especially  in  the  middle  Aeronian  (Reynales  Lime¬ 
stone  and  associated  hematites)  and  early  Telychian 
(Wolcott  Furnace).  With  the  exception  of  the  Cresuptown 
bed  of  Maryland,  ironstones  are  not  prominent  within  the 
majority  of  the  Rose  Hill  Formation,  but  do  occur  in  later¬ 
ally  equivalent  carbonates  (e.g..  Packer  Shell  in  the  west¬ 
ern  subsurface  of  Pennsylvania,  Ohio,  and  Kentucky; 
Figures  15,  29). 

The  abundance  of  ferruginous  and  phosphatic  ma¬ 
terial  at  the  beginning  of  Sequence  II  may  reflect  an 
increased  supply  of  iron-rich  clays  from  weathered 
source  terranes.  Two  widespread  carbonate  intervals 
within  an  otherwise  shaly  succession  (i.e.  Reynales  and 
Wolcott  Limestones  in  New  York)  appear  to  correspond 
to  Johnson's  (1996)  middle  Aeronian  and  early  Telychian 
highstands.  The  signatures  of  these  deepening  events  are 
very  subtle  in  the  central  Appalachians.  More  detailed 
bio-  and  event-stratigraphic  work  is  required  to  deter¬ 
mine  whether  or  not  individual  subsequences  (e.g., 
Reynales  and  Wolcott  Limestone)  recognized  in  the  clas¬ 
sic  Clinton  Group  of  New  York  can  be  discerned  within 
the  main  mass  of  the  lower  Rose  Hill  Formation  or  the 
middle  member  of  the  Rockwood-Red  Mountain  Forma¬ 
tions.  In  northeast  Alabama,  a  shaly  limestone  interval 
rich  in  Stricklandia  lens  progressa  high  in  the  middle 
member  of  the  Red  Mountain  Formation  may  mark  the 
position  of  the  Wolcott.  A  probable  fourth-order 
sequence-bounding  disconformity  appears  to  underlie 
this  package. 

A  sand-rich  interval  in  the  Rose  Hill-Rockwood 
Formation  (Cabin  Hill  Member)  appears  to  record  a 
progradation  of  coarse-grained  siliciclastics  triggered  by 
a  middle  Telychian  sea-level  drop.  This  is  the  lowstand 
systems  tract  of  Sequence  III  (Figures  15,  29).  In  central 
New  York,  this  lowstand  may  be  recorded  by  a  tongue  of 
Oneida  Conglomerate.  However,  in  west-central  New 
York,  the  sequence  boundary  is  marked  only  by  a  minor 
erosion  surface  again  overlain  by  a  transgressive  lag  rich 
in  phosphate  and  oolitic  hematite  (Verona  Station  ore  in 
central  New  York).  In  Alabama,  the  approximately 
equivalent  interval  is  the  hematitic  "Ida  beds"  at  the  base 
of  the  upper  member  of  the  Red  Mountain  Formation, 


and  the  sequence  boundary  is  a  more  prominent,  regional 
angular  unconformity  that  removed  upper  parts  of 
Sequence  II  (middle  member).  Highstand  deposits  of 
Sequence  III  appear  to  represent  relatively  shallow, 
muddy-shelf  conditions  comparable  to  those  in  Sequence 
II  (Sauquoit  Shale  of  New  York,  middle  shaly  member  of 
Rose  Hill  Formation  [Pennsylvania,  Maryland,  and  West 
Virginia],  shales  in  the  lower  part  of  the  upper  member  of 
the  Red  Mountain  Formation  [Alabama]).  This  was  prob¬ 
ably  a  relatively  minor  transgression,  not  previously  rec¬ 
ognized  on  global  sea-level  curves,  and  possibly  due  to 
tectonic  subsidence. 

The  base  of  Sequence  IV  is  marked  in  western  and 
west-central  New  York  by  the  most  prominent  erosion 
surface  of  the  Silurian.  This  regional  angular  uncon¬ 
formity  also  extends  into  Ontario,  Ohio,  and  Kentucky.  It 
is  interpreted  as  an  erosive  beveling  of  a  regional  arch  or 
forebulge  during  a  late  Telychian  sea-level  lowstand.  In 
the  depocenter  of  the  foreland  basin,  no  prominent 
unconformity  is  observed,  but  a  second  bundle  of  sand¬ 
stones,  the  Center  Member,  seems  to  reflect  the  same 
lowstand.  Ferruginous  sandstones  in  the  middle  of  the 
upper  member  of  the  Red  Mountain  Formation 
("Hickory  Nut  seam")  may  also  record  this  lowstand 
and/ or  the  initial  transgression  of  Sequence  IV.  More  im¬ 
portantly,  virtually  all  localities  that  preserve  this  interval 
have  a  very  distinct,  condensed  shell-rich  bed  as  the 
transgressive  systems  tract  of  Sequence  IV  (Dayton-Waco 
Limestones  [Ohio,  Kentucky],  Merritton-Fossil  Hill 
Limestones  [Ontario],  Westmoreland  Hematite-Second 
Creek  phosphate  bed  [New  York],  "fossil  ore"  bed  of  up¬ 
per  Rose  Hill  Formation  [Pennsylvania,  Maryland,  West 
Virginia],  unnamed  coral-rich  hematites  at  top  of 
"Hickory  Nut  seam"  [Alabama]).  Although  the  beds  may 
be  slightly  diachronous,  the  distinctive  brachiopod,  coral, 
ostracode,  conodont,  and/or  graptolite  faunas  associated 
with  these  carbonates  and  ironstones  bracket  them 
within  the  upper  Telychian  Pterospathodus  amorpho- 
gnathoides  Zone.  This  condensed  interval  is  everywhere 
overlain  by  shales  (Willowvale-Williamson  [New  York], 
Estill  [Ohio,  Kentucky],  uppermost  Rose  Hill  Formation 
[central  Appalachians],  and  upper  Red  Mountain- 
Rockwood  Formation  shales  [Tennessee,  Georgia,  Ala¬ 
bama]).  The  faunas  of  these  shales  suggest  a  similar  age 
and  relatively  offshore  (BA  3-5)  biofacies  that  are  typi¬ 
cally  the  deepest  water  assemblages  found  in  any  section. 
Thus,  there  can  be  little  doubt  that  the  Westmoreland- 
equivalent  condensed  beds  and  overlying  shales  record 
the  fourth  and  strongest  Silurian  sea-level  transgression- 
highstand.  Even  minor  fourth-order  cycles,  especially  the 
basal  condensed  Rockway-Dawes  Sandstone  of  Se¬ 
quence  IV,  can  be  correlated  regionally  in  New  York  and 
Pennsylvania. 
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Sequence  V,  although  imperfectly  preserved  due  to 
later  erosion,  shows  a  similar  regional  persistence.  Nearly 
all  localities  in  the  northern  and  central  parts  of  the  basin 
have  a  dolomitic  or  ferruginous  carbonate  (Irondequoit 
Limestone  [western  New  York],  Kirkland  Hematite  [cen¬ 
tral  New  York],  Bisher  Dolostone  [Ohio,  Kentucky])  or 
calcareous  sandstone  (Keefer  [Pennsylvania,  Maryland] 
and  unnamed  uppermost  Red  Mountain  Formation 
sandstones  [Alabama])  that  sharply  overlie  finer-grained 
sediments.  This  interval  represents  the  lowstand-trans- 
gressive  phase  of  a  Sheinwoodian  depositional  sequence. 
A  sharp  change  at  the  top  of  this  interval  to  mudrocks 
with  offshore  biofacies  (parts  of  Bisher  Dolostone,  Roch¬ 
ester  Shale-Glenmark  Shale-DeCew  Dolostone  in  north¬ 
ern  and  central  Appalachians)  records  a  major  apparent 
eustatic  highstand. 

The  widespread  nature  of  major  depositional 
sequences  and  condensed  beds  in  the  Appalachian 
foreland  basin  provides  strong  support  for  generation  of 
cycles  by  eustatic  fluctuation  (see  Johnson  et  al.,  1985; 
1990a,  1990b;  Johnson,  1996;  Ross  and  Ross,  1996).  More¬ 
over,  tentative  correlation  of  several  smaller-scale  con¬ 
densed  beds  suggests  that  even  higher-order  eustatic 
fluctuations  may  be  recorded.  Thus,  despite  strong  tec¬ 
tonic  overprint  on  the  Appalachian  foreland  basin,  we 
argue  that  many  features  of  the  stratigraphic  pattern 
reflect  allogenic  cyclicity. 

Conclusions 


This  report  presents  a  synthesis  of  Early  Silurian 
(Llandovery-early  Wenlock)  sequences,  events,  and  bios¬ 
tratigraphy  from  seven  areas  of  the  Appalachian 
Foreland  Basin  from  Ontario  to  northeastern  Alabama. 
Higher  parts  of  the  Silurian  are  not  considered  in  detail 
because  they  have  been  removed  in  southern  areas  at 
post-Wenlock  erosion  surfaces. 

Inter-regional  comparisons  of  successions  in  the  vari¬ 
ous  areas  indicate  that  four  or  five  (or  more  depending 
upon  extent  of  erosional  truncation)  major  third-order 
depositional  sequences,  and  at  least  some  of  their  compo¬ 
nent  subsequences,  persist  throughout  the  Appalachian 
Foreland  Basin.  These  sequences  are  most  readily  identified 
in  offshore  heterolithic  facies,  but  tend  to  be  more  obscured 
in  eastern  siliciclastic  facies.  Despite  major  differences  in 
local  nomenclature,  facies  successions  within  sequences 
display  similarities,  at  least  along  the  northeast-trending 
depositional  strike.  These  depositional  sequences  are 
approximately  synchronous  as  judged  from  the  rather  loose 
constraints  of  the  available  biostratigraphy. 

Sequence  I  is  characterized  by  a  coarse-grained, 
siliciclastic-dominated  succession  (Medina,  Tuscarora, 


Clinch)  with  a  complex,  basal  transgressive  sandstone  that 
overlies  the  regional  Cherokee  Unconformity.  It  is  of  late 
Rhuddanian-early  Aeronian  age.  The  west-tapering 
wedge  of  sandstones  and  conglomerates  suggests  input 
with  renewed  tectonic  uplift  in  the  latest  phase  of  the 
Taconic  orogeny.  Deepest  water  facies  (typified  by  benthic 
assemblages  2-3)  generally  occur  in  the  lower  third  of  the 
sequence,  and  sandy  gray  shales  are  capped  by  phosphatic 
to  hematitic  beds.  Upper  parts  of  this  sequence  are 
coarser-grained,  gray  to  red  sandstones,  typically  quartz 
arenites,  with  minor  shaly  intervals  and  bioturbated  zones 
(with  the  temporally  restricted  traces  Arthrophycus  and 
Daedalus)  that  appear  to  record  minor  transgressions,  pos¬ 
sibly  associated  with  the  late  Rhuddanian  eustatic 
highstand.  In  general,  however,  coarse-grained  sandstone 
beds  occur  near  the  top  and  signal  regressive  conditions 
that  led  up  to  the  Sequence  I— II  lowstand. 

Sequence  II  (lower  Clinton  Group,  lower  Rose  Hill 
Formation,  middle  member  of  Rockwood-Red  Mountain 
Formations),  of  middle-late  Aeronian  age  is  marked 
nearly  everywhere  by  a  change  to  finer-grained 
siliciclastics.  The  basal  contact  is  sharp  and  may  truncate 
beds  in  upper  Sequence  I.  The  transgressive  surface  is 
marked  in  most  areas  by  a  phosphatic  pebble  or  oolitic 
hematite  horizon.  Ferruginous  sandstones  pass  north¬ 
westward  into  green  and  maroon  shales  with  BA  2, 
Eocoelia- dominated  faunas  (Rose  Hill,  middle  Rock- 
wood-Red  Mountain  Formations);  and  these,  in  turn, 
change  northeastward  into  Pentamerus- rich  carbonates 
(BA  3).  Ferruginous  to  phosphatic  shell-rich  beds  are 
prominent,  especially  in  the  transitions  between  green- 
maroon  mudrock  into  overlying  skeletal  carbonate  or  fer¬ 
ruginous  sandstone  facies  (i.e.,  on  either  side  of  the  Rose 
Hill  Formation  shale  belt). 

Sequence  III  (lower-middle  Telychian)  is  similar  in 
lithology  to  Sequence  II,  and  consists  of  thick,  green- 
maroon  shales  and  ferruginous  to  phosphatic  sandstones 
(Sauquoit-Otsquago,  middle  Rose  Hill,  basal  (i.e.,  "Ida 
beds")  of  upper  member  of  Rockwood-Red  Mountain,  in 
part).  The  lower  sequence  boundary  is  prominent  and  re¬ 
gionally  angular  in  the  southern  Appalachians  and  sharp 
in  New  York,  but  appears  conformable  in  the  central  Ap¬ 
palachians,  where  a  lowstand  sandstone  bundle  may  be 
represented  by  the  Cabin  Hill  Member  of  the  Rose  Hill 
Formation. 

Sequence  IV  (late  Telychian-earliest  Wenlock)  has  a 
very  prominent  regionally  angular  unconformity  at  its 
base  that  truncates  parts  of  Sequences  I— III  in  New  York, 
Ontario,  Ohio,  arid  Kentucky.  This  corresponds  to  a 
middle  late  Telychian  lowstand,  but  may  also  be  partially 
tectonic.  The  unconformity  is  less  prominent  in  the  cen¬ 
tral  and  southern  Appalachians,  presumably  due  to 
higher  subsidence  rates.  Again,  a  bundle  of  sandstones, 
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the  Center  Member  of  the  Rose  Hill  Formation,  may 
record  lowstand  progradation.  Very  distinctive  oolitic, 
hematitic,  shell-rich  beds  (Westmoreland,  Second  Creek, 
"Hickory  Nut")  and  carbonates  mark  the  transgressive- 
condensed  interval  of  this  sequence.  Overlying  dark 
shales  (Williamson-Willowvale,  uppermost  Rose  Hill, 
upper  Rockwood-Red  Mountain)  record  the  deepest- 
water  facies  (BA  3-5)  in  most  sections. 

Sequence  V  (early  Wenlock,  Sheinwoodian)  shows  a 
renewed  influx  of  coarser-grained  siliciclastics  (Herkimer- 
Keefer  Sandstones)  that  possibly  reflects  a  new 
tectophase.  These  lowstand  to  early  transgressive  sands 
rest  sharply  on  shales,  and  grade  northwestward  into  fer¬ 
ruginous  or  dolomitic  crinoidal  grainstone  (Irondequoit, 
Bisher)  with  Whitfieldella- dominated  (BA  3)  biofacies. 
Dark  gray  shales  (Rochester-Mifflintown)  reflect  a 
middle  Wenlock  highstand.  Sequence  V  is  unconform- 
ably  overlain  by  carbonates  of  Sequence  V  (Lockport- 
McKenzie).  This  sequence  was  thought  to  have  been 
missing  in  the  southern  Appalachians  until  the  discovery 
of  late  Telychian-Wenlock  fossils  in  sandstones  earlier  as¬ 
signed  to  the  Devonian  Frog  Mountain  Formation  near 
Birmingham,  Alabama. 

Ferruginous  or  phosphatic  shell-rich  beds  are 
among  the  most  important  inter-regional  markers  in  the 
Lower  Silurian  of  the  Appalachian  Basin.  Most  of  these 
beds  are  condensed  at  ecological  or  even  biostratigraphic 
time  scales  (10-100  Ka).  Although  some  of  these  beds  are 
local  in  distribution,  others,  especially  the  oolitic  hema¬ 
tites  and  phosphatic  nodule  beds,  are  widespread.  In 
general,  they  occur  immediately  above  sequence  bound¬ 
aries  or  at  surfaces  of  maximum  flooding,  and  seem  to 
record  sediment  starvation  associated  with  inundation  of 
coastlines  and  sequestering  of  sediment  in  coastal  traps. 
As  a  rule,  oolitic  hematites  occur  in  proximal  areas;  they 
pass  basinward  into  ferruginous  shell  beds  and/or  thin 
phosphatic  pebble  horizons.  Both  the  chamositic  precur¬ 
sors  of  hematites  and  phosphorites  may  have  formed 
near  redox  boundaries,  but  in  general  the  oolitic  hema¬ 
tites  seem  to  occur  in  more  agitated  and  better-oxygen¬ 
ated  settings  than  phosphorites. 

Hematitic  beds  are  particularly  prominent  in 
heterolithic  facies  (typically  mixed  carbonates  or  calcare¬ 
ous  sandstones  and  maroon  to  green  shales)  of  Sequences 
II,  III,  and  the  lower  part  of  IV.  They  are  less  prominent  in 
thicker  siliciclastic  sections  and  are  nearly  absent  in  purer 
carbonate  successions.  This  may  reflect  variations  in  the 
supply  of  ferrous  iron.  Input  of  ferruginous  clays  may 
have  been  greatest  during  initial  intervals  of  tectonic  qui¬ 
escence,  when  source  terranes  experienced  relatively  deep 
weathering.  Ironstone  development  was  also  favored  dur¬ 
ing  times  of  relative  sediment  starvation,  when  accretion 
of  chamositic  clays  was  not  diluted  by  sedmentation. 


At  least  three  of  the  five  major  Llandovery- Wenlock 
sea-level  cycles  identified  in  Johnson's  (1996)  eustatic 
curve  are  consistently  identifiable.  The  sea-level  maxima 
of  Johnson's  (1996)  curve  coincide  in  age  with  maximum 
highstands  of  the  second,  fourth,  and  fifth  large-scale 
depositional  sequences,  and  are  marked  locally  by  fer¬ 
ruginous  or  phosphatic  shelly  beds.  Evidence  for 
Johnson's  (1996)  third  (early  Telychian)  highstand,  which 
coincides  with  the  Wolcott  Limestone  of  New  York,  is 
also  widespread  as  transgressive  to  highstand  deposits  of 
a  subsequence  (IIB)  of  Sequence  II.  However,  this  subse¬ 
quence  is  locally  absent  in  some  sections,  where  it  has 
been  removed  by  erosion  at  the  Sequence  II— III  boundary. 

However,  it  should  be  noted  that  the  highstands  of 
sequences  I  and  III,  while  identifiable  throughout  much 
of  the  Appalachian  Basin,  do  not  appear  to  correlate  with 
global  highstands  on  Johnson's  (1996)  sea-level  curve, 
and  may  have  been  produced  by  regional  foreland  basin 
subsidence.  Other  less  prominent  (subsequence  level) 
highstands  can  be  recognized  regionally  in  the  Appala¬ 
chian  Foreland  Basin,  and  may  be  allocyclic.  This  evi¬ 
dence  suggests  that  further  refinements  of  the  global 
sea-level  curve  may  be  possible. 
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ABSTRACT — Effects  of  supracrustal  and  subcrustal  loading 
due  to  subduction  and  orogeny  on  the  Appalachian  margin  in  the 
latest  Ordovician-Silurian  are  suggested  to  have  had  a  major 
influence  on  sequences  and  cyclicity  in  the  Appalachian  Basin. 
Criteria  from  lithospheric  flexure  models  for  supracrustal  load¬ 
ing  (i.e.,  the  nature  and  distribution  of  unconformities,  flexural 
stratigraphic  sequences,  and  distribution  in  time  and  space  of 
dark  shale-filled  foreland  basins)  suggest  the  probable  influence 
of  Silurian  tectonism  in  the  Appalachian  Basin.  Especially 
important  are  far-field  tectonic  effects  that  lead  to  epeirogenic 
subsidence  and  allocyclicity  and  that  may  influence  cratonic 
stratigraphy  up  to  2,000  km  from  an  orogeny.  These  criteria  con¬ 
firm  an  Early  Silurian  phase  of  Taconian  tectonism  and  tzvo 
Salinic  tectophases,  all  recently  identified  in  the  northern  Appa¬ 
lachians  from  non-stratigraphic  criteria.  Major  subsidence  re¬ 
sulting  from  supracrustal  and  subcrustal  loading  during  each 
tectophase  appears  to  coincide  with  Silurian  highstands.  Other 
data,  though  less  constrained,  suggest  coeval  tectonic  phases 
elsewhere  on  the  assembling  continent  (Laurussia),  and  in  some 
cases  in  orogens  across  the  Silurian  world.  Subsidence  with 
widespread  coeval  tectonism  could  have  far-ranging  influence  on 
sea-level  fluctuations,  and  suggests  that  orogenic,  epeirogenic, 
and  eustatic  effects  are  closely  related. 

Comparison  of  Appalachian  tectonism  with  Siluria?i  sea- 
levels  and  Silurian  glaciation  allows  inferences  about  the 
importance  of  tectonic  versus  glacio-eustatic  components  in  re¬ 
gional  and  global  highstands.  An  early  Rhuddanian  highstand 
largely  restricted  to  the  east-central  United  States  and  Canada 
and  other  parts  of  Laurussia  cannot  be  related  to  deglaciation, 
but  is  ideally  situated  in  time  and  space  to  have  resulted  from 
tectonic  subsidence  with  an  Early  Silurian  Taconian  tectophase 
in  the  northern  Appalachians.  A  global  late  Telychian  high¬ 
stand  that  was  the  greatest  inundation  of  the  Silurian,  and  one 
of  the  greatest  of  the  Phanerozoic,  probably  reflects  buth  Sil¬ 
urian  deglaciation  and  global  tectonic  reorganization  that  in¬ 
cluded  the  Salinic  and  Scandian  orogenies.  Because  of  potential 
widespread  subsidence  by  far-field  effects,  regional  tectonism 


during  periods  of  nearly  synchronous  global  tectonic  reorgani¬ 
zation  may  be  as  important  as  glacio-eustasy  in  explaining 
eustatic  cycles.  Tectonism,  even  in  local  or  regional  settings 
such  as  the  Appalachian  Basin,  may  point  to  global  causes  of 
Silurian  cyclicity. 


Introduction 


Traditional  interpretations  of  the  Appalachian  Basin 
during  Silurian  time  suggest  tectonic  stability  and 
eustatic  variability  between  the  Taconian  and  Acadian 
orogenies.  The  stratigraphic  record  of  the  period,  espe¬ 
cially  in  north  and  north-central  parts  of  the  basin,  is  di¬ 
vided  into  several  cyclic  sequences  by  unconformities 
(Rickard,  1975;  Brett  et  al.,  1990a,  1990b,  1994,  1996; 
Goodman  and  Brett,  1994),  many  of  which  have  been  at¬ 
tributed  to  eustatic  regression  accompanied  by  exposure 
and  erosion  of  basin  margins  (Dennison  and  Head,  1975; 
Johnson  et  al.,  1985;  Brett  at  al.,  1990).  The  apparent  glo¬ 
bal  nature  of  some  interpreted  sea-level  fluctuations,  and 
their  general  coincidence  with  episodes  of  Silurian 
Gondwanan  glaciation  (Grahn  and  Caputo,  1992)  and 
with  probable  long-term  Caledonian  tectono-eustasy,  has 
favored  interpretations  of  eustatic  control  on  sedimen¬ 
tary  cycles  in  the  Appalachian  Basin  and  elsewhere 
(Johnson  et  al.,  1985,  1991a,  1991b;  Johnson,  1987,  1996). 

However,  evidence  of  apparent  sea-level  highs¬ 
tands  and  lowstands  localized  on  one  continent  or  on 
parts  of  a  continent,  clear  coincidence  of  the  highstands 
with  phases  of  a  nearby  orogeny,  and  the  nature  and  dis¬ 
tribution  of  sedimentary  sequences  and  their  bounding 
unconformities  in  time  and  space  have  suggested  that 
tectonic  components  may  play  an  important  role  in  de¬ 
velopment  of  some  Silurian  cycles  (e.g.,  McKerrow,  1979; 
Baarli,  1990;  Johnson  et  al,  1991a,  1991b;  Goodman  and 
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Brett,  1994;  Ettensohn,  1994;  Johnson,  1996).  The  question 
then  arises:  are  there  more  definitive  criteria  for  recogniz¬ 
ing  tectonic  contributions  to  Silurian  cyclicity?  Based  on 
well-known  sequences  in  the  Appalachian  Basin  and  on 
the  increasingly  better-known  tectonic  history  of  the  re¬ 
gion,  we  believe  that  the  sedimentary  record  is  evidence 
of  the  tectonic  components  of  relative  sea-level  changes. 
Because  recognition  of  tectonic  controls  can  have  impor¬ 
tant  implications  for  understanding  global  and  regional 
sea-level  cyclicity,  we  present  criteria  for  recognition  of 
tectonic  influences,  the  models  on  which  these  criteria  are 
based,  and  examples  from  the  Silurian  of  the  Appala¬ 
chian  Foreland  Basin.  Admittedly  the  tectonic  models 
employed  are  applied  to  Silurian  foreland  basin  se¬ 
quences,  but  the  fact  that  flexural  stresses  responsible  for 
tectonic  components  of  relative  sea-level  variations  may 
be  transmitted  through  the  continental  lithosphere  across 
distances  of  up  to  2,000  km  (e.g.,  Karner  and  Watts,  1983; 
Ziegler,  1987;  Gurnis,  1991)  indicates  that  tectonic  activity 
in  marginal  basins  probably  influenced  Silurian  epeiro- 
genesis  and  cratonic  sequences  some  distance  from  the 
foreland  basin  and  its  related  craton-margin  orogen. 


Basic  Models 


Relationships  between  waxing  and  wailing  ice  sheets 
and  eustasy  have  been  understood,  at  least  in  a  general 
sense,  for  some  time.  Although  the  influence  of  craton- 
margin  tectonism  on  eustasy  has  been  postulated  for  al¬ 
most  as  long,  the  mechanisms  behind  the  necessary 
epeirogenic  movements,  especially  in  anorogenic  cra¬ 
tonic  areas  distant  from  coeval  active  orogens,  have  been 
poorly  understood.  However,  work  on  this  problem  since 
the  1970s  has  shown  that  proximal  and  distal  epeirogenic 
movements  are  largely  controlled  by  subcrustal  and 
supracrustal  loading  at  and  near  active  orogenic  belts 
(e.g.,  Walcott,  1970;  Price,  1973;  Sloss  and  Speed,  1974; 
Cross  and  Pilger,  1978).  Subcrustal  loading  is  related  to 
changing  mantle  dynamics  near  subduction  zones,  where 
variations  in  mantle  temperature  and  viscosity  and  the 
angle  of  slab  penetration  may  generate  long  wavelength 
subsidence  and  tilting  of  the  crust  up  to  2,000  km  away 
(Cross  and  Pilger,  1978;  Mitrovica  et  al.,  1989;  Gurnis, 
1990,  1991,  1992;  Kominz  and  Bond,  1991;  Coakley  and 
Gurnis,  1995;  Moresi  and  Gurnis;  1996).  This  means  that 
the  effects  of  subcrustal  loading  may  influence  relative 
sea-level  fluctuation  and  cratonic  sedimentary  sequences 
across  large  parts  of  those  continents  with  converging 
margins  (Cross  and  Pilger,  1978;  Kominz  and  Bond,  1991; 
Gurnis,  1993;  Burgess  et  al.,  1995).  In  particular,  long 
wavelength  subsidence  of  the  continental  lithosphere  oc¬ 
curs  rapidly  upon  initiation  of  slab  subduction,  at  rates 


possibly  exceeding  100  m/Ma  (Gurnis,  1992),  and  may 
result  in  maximum  crustal  depression  of  100-300  m  at 
distances  up  to  2,000  km  from  the  subduction  zone 
(Gurnis,  1991).  Obviously  the  potential  influence  of  sub¬ 
duction  on  relative  sea-level  variation  is  great,  but  the 
rate  and  effects  of  these  sea-level  rises  increase  substan¬ 
tially  toward  the  convergent  margins  (Gurnis,  1992, 
1993).  As  rates  of  subduction  are  related  to  plate  veloci¬ 
ties,  models  predict  a  general  correlation  between  plate 
velocities  and  rates  of  subsidence  and  inundation  at  con¬ 
vergent  margins  (Gurnis,  1993).  Because  the  Silurian  was 
a  time  of  extensive  subduction  zones  (e.g.,  Scotese  and 
Golonka,  1992)  (Figure  1)  and  relatively  high  plate  veloci¬ 
ties  (Gurnis  and  Torsvik,  1994),  it  is  difficult  to  escape  the 
conclusion  that  much  Silurian  relative  sea-level  variation 
had  subcrustal  tectonic  underpinnings.  Moreover,  these 
underpinnings  must  have  been  especially  effective  across 
most  of  Laurentia,  which  had  a  high  Silurian  drift  veloc¬ 
ity  (Gurnis  and  Torsvik,  1994)  and  was  nearly  sur¬ 
rounded  by  subduction  zones  (Ziegler,  1989;  Scotese  and 
Golonka,  1992;  Figure  1). 

Models  involving  supracrustal  loads  derive  from 
the  fact  that  surface  and  subsurface  loading  generated  by 
the  fold  thrust  belt  during  orogeny  depresses  the  lithos¬ 
phere  cratonward  of  the  orogen  to  form  a  migrating 
foreland  basin  (Price,  1973).  The  full  implications  of  these 
models  for  epeirogenesis  and  foreland  tectonic  influence 
were  largely  uncertain  until  elucidated  by  the  debate  on 
elastic  versus  visco-elastic  models  of  lithospheric  flexure 
(e.g.,  Beaumont,  1981;  Jordan,  1981;  Quinlan  and  Beau¬ 
mont,  1984).  In  these  competing  models,  it  was  argued 
that  lithospheric  loading,  induced  by  convergence- 
related  deformation,  generated  or  relaxed  stresses  that 
caused  adjacent  parts  of  the  craton  to  rise  or  subside,  and 
thereby  affected  relative  sea-levels  across  broad  areas. 
The  nature  of  predicted  lithospheric  responses  in  these 
models  necessarily  depends  on  the  rheology  assumed  for 
the  lithosphere  (Quinlan  and  Beaumont,  1984),  but  com¬ 
parison  of  model  predictions  with  sedimentary  se¬ 
quences  in  the  Appalachian  Basin  seems  to  support  the 
loading  arid  unloading  of  a  temperature-dependent, 
visco-elastic  lithosphere  as  modeled  by  Quinlan  and 
Beaumont  (1984),  Beaumont  et  al.  (1987,  1988),  and 
Jamieson  and  Beaumont  (1988). 

It  is  now  clear  that  the  effects  of  subcrustal  and 
supracrustal  loading  may  be  similar  and  concurrent 
(Gurnis,  1992).  Moreover,  the  effects  of  both  types  of 
loading  may  contribute  to  the  long  wavelength  tilting, 
subsidence,  and  reactivation  of  basement  structures  in 
the  foreland,  variously  called  epeirogenesis  or  far-field 
tectonics.  More  important,  however,  is  the  fact  that  the 
orogenic,  epeirogenic,  and  eustatic  processes  are  closely 
related  (e.g.,  Gurnis,  1992),  and  that  the  presence  of  likely 
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FIGURE  1 — Early  Silurian  (Telychian)  world  after  Scotese  and  Golonka  (1992)  showing  land  masses  (stipple),  subduction  zones  (barbed  arcs),  and 
spreading  centers  (segmented  straight  lines).  Subduction  zones  after  Ziegler  (1989)  and  Scotese  and  Golonka  (1992)  continue  around  the  south 
margin  of  Gondwana.  Parts  of  assembling  Laurussian  land  mass:  L,  Laurentia;  C,  Chukotka;  B,  Baltica;  A=Avalonia.  Parts  of  Gondwana:  SA,  South 
America;  SC,  South  China  (Yangtze  craton);  I,  Indochina;  An,  Antarctica;  Au,  Australia;  NC,  North  China;  S  is  Siberia. 


tectonic  controls  must  be  considered  in  all  discussions  of 
eustasy.  Even  in  discussions  of  glacio-eustasy,  there  are 
now  suggestions  of  interaction  between  tectonics  and 
glaciation  (Cloetingh  and  Kooi,  1992)  of  the  sort  that 
could  influence  sea-level  fluctuations  on  glaciated  conti¬ 
nents.  Nonetheless,  in  the  following  parts  of  this  report, 
we  try  to  "tease  apart"  the  evidence  for  glacio-eustasy 
versus  tectono-eustasy  by  using  flexural  models  based  on 
supracrustal  loading.  The  use  of  these  models  does  not 
preclude  the  effects  of  subcrustal  loading,  but  merely  re¬ 
flects  the  fact  that  we  are  largely  working  in  foreland  ba¬ 
sins  where  the  relationships  between  sedimentation  and 
surface  orogenic  loads  are  better  understood. 

The  extent  of  relative  sea-level  changes  and  creation 
of  new  accommodation  space  associated  with  orogeny- 
related,  cratonic  flexure  are  best  considered  regional  phe¬ 
nomena,  but  the  related  effects  of  continental-scale 
epeirogenesis  and  tectono-eustatic  fluctuations  (Hays 
and  Pittman,  1973)  may  be  of  longer  duration,  and  global 
in  scale  (Dickinson  et  al.,  1994,  fig.  4).  Moreover,  if  Sil¬ 
urian  continents  were  largely  surrounded  by  subduction 
zones  (Figure  1)  as  suggested  by  Scotese  and  Golonka 
(1992),  plate  reorganization  initiated  on  one  margin  may 
have  caused  nearly  synchronous  tectonism  and  associ¬ 
ated  flexure  on  other  margins  as  well.  If  the  above  consid¬ 
erations  are  valid,  a  series  of  nearly  synchronous. 


regional  tectonic  events  could  have  combined  to  create 
continental-  to  global-scale  epeirogenic  movements  that 
produced  a  signal  of  very  wide  extent.  Evolving  models 
that  relate  periods  of  coeval,  global  tectonism  to  rapid 
drift  rates,  accelerated  subduction,  and  sea-level  high- 
stands,  as  suggested  for  Early  Silurian  time,  largely  rely 
on  explanations  involving  pulsatory  changes  in  mantle 
convection  (e.g.,  Sheridan,  1997). 

Flexural  models  and  stratigraphic  manifestations.— 
Most  flexural  models  indicate  that  surface  and  subsur¬ 
face  deformational  loading  by  flakes,  blocks,  thrusts, 
nappes,  and  folds  produces  both  a  downwarped  flexural 
or  retro-arc  foreland  basin  cratonward  of  the  orogen  and 
a  peripheral  bulge  on  the  cratonward  margin  of  the  basin 
due  to  regional  isostatic  compensation  by  the  lithosphere 
(Figure  2).  As  orogeny  proceeds  and  thrust  loads  shift 
cratonward,  the  foreland  basin  and  peripheral  bulge  also 
migrate  cratonward  away  from  the  load.  Most  of  the 
loading  and  the  accompanying  basin-and-bulge  migra¬ 
tion  will  progress  cratonward  in  a  direction  perpen¬ 
dicular  to  the  strike  of  the  orogenic  belt.  If  the  orogeny  is 
diachronous  along  its  length,  deformational  loading  and 
attendant  basin-and-bulge  migration  will  also  shift 
parallel  to  the  strike  of  the  orogenic  belt  (Ettensohn, 
1987).  The  initial  result  of  the  loading  is  bulge  move-out 


Tectonic  Components  in  Third-Order  Silurian  Cycles:  Examples  from  the  Appalachian  Basin  and  Global  Implications 


14  7 


FIGURE  2 — Development  of  a  foreland  basin,  peripheral  bulge,  and 
bulge-related  unconformity  with  deformational  loading  in  orogen. 
Early  sediments  in  distal  foreland  basin  with  initiation  of  deformation 
will  be  largely  organic-rich  muds  (after  Quinlan  and  Beaumont,  1984, 
fig.  18a). 

and  accompanying  uplift  of  the  foreland  to  generate  a  re¬ 
gional  unconformity  (Figure  2)  (Quinlan  and  Beaumont, 
1984).  Because  the  unconformity  advances  cratonward 
toward  areas  of  decreasing  subsidence  and  deposition  on 
or  near  intra-cratonic  highs  like  the  Cincinnati  Arch,  such 
unconformities  typically  "open  up"  cratonward,  and  the 
space-time  value  of  the  lacuna  on  the  unconformity  in¬ 
creases  in  the  same  direction.  The  distribution  of  an 
unconformity  so  generated  is  also  generally  localized  to 
parts  of  the  foreland  basin  and  adjacent  craton  next  to  the 
locus  of  tectonism,  and  will  be  approximately  parallel  to 
the  strike  of  the  associated  orogen  (Ettensohn,  1993, 
1994).  Moreover,  because  much  Appalachian  tectonism 
was  apparently  localized  near  continental  promontories 
that  were  subject  to  greater  shortening  and  resulting  de¬ 
formation  (Dewey  arid  Burke,  1974;  Dewey  and  Kidd, 
1974;  Ettensohn,  1985,  1991),  the  distribution  of  uncon¬ 
formities  in  the  Appalachian  Basin  is  commonly  asym¬ 
metric  toward  the  affected  promontories,  even  within  a 
foreland  basin  (Ettensohn,  1991,  1994).  Thus  uncon¬ 
formity  distribution  in  time  and  space  can  be  an  impor¬ 
tant  indication  of  tectonic  influence. 

After  bulge  move-out,  subsidence  (i.e.,  an  isostatic 
response  to  deformational  loading  in  the  adjacent 
orogen)  generates  the  foreland  basin  (Figure  2).  Because 


much  of  the  initial  loading  is  thought  to  occur  in  the  sub¬ 
surface  and  in  subaqueous  environments  that  generate 
little  subaerial  relief  (Karner  and  Watts,  1983),  no  major 
source  of  externally  derived  sediment  is  usually  available 
during  the  early  phases  of  orogeny.  In  the  absence  of  ma¬ 
jor  clastic  influx,  organic  matter  from  the  water  column 
and  suspended  clays  and  silt  compose  most  of  the  sedi¬ 
ment  in  the  early  basin  (Ettensohn,  1992a).  Inasmuch  as 
the  foreland  basin  undergoes  rapid  subsidence  and  sedi¬ 
ment  accumulation  cannot  keep  pace,  the  water  column 
may  become  stratified,  so  that  the  organic  matter  is  bur¬ 
ied  within  dark  or  black  muds  in  the  resulting  anoxic  en¬ 
vironments.  As  a  result,  the  bulge-induced  unconformity 
is  typically  overlain  abruptly  by  dark  shales,  although  a 
transgressive  carbonate  or  siliciclastic  facies  that  forms  a 
condensed  succession  may  intervene.  While  dark  muds 
are  being  deposited  in  central  parts  of  the  basin,  the 
effects  of  flexural  subsidence,  though  reduced,  can  be 
expected  to  persist  in  distal  parts  of  the  foreland  basin 
and  at  some  distance  beyond  the  basin  itself.  This  results 
in  regional  transgression  and  an  apparent  rise  in  relative 
sea-level.  As  a  result,  transgressive  carbonates  or  light- 
colored  shales  that  overlie  an  unconformity  in  distal  parts 
of  the  foreland  basin,  on  the  bulge,  or  on  the  craton  may 
represent  the  same  initial  subsidence  event  that  is  repre¬ 
sented  by  the  dark  shales  in  the  basin  center. 

Dark-mud  deposition  will  predominate  in  central 
parts  of  the  foreland  basin  as  long  as  active  orogeny  and 
deformational  loading  continue.  However,  once  active 
thrust  movement  declines  and  tectonic  quiescence 
ensues,  the  deformational  load  becomes  static.  The 
lithosphere  responds  to  the  now  largely  static  load  by 
relaxing  stress,  so  that  the  foreland  basin  subsides  and 
narrows  as  the  peripheral  bulge  is  uplifted  and  shifts 
toward  the  load  (Figure  3.1).  By  this  time,  substantial 
subaerial  relief  has  been  generated  by  emplacement  of  a 
surface  load  (fold-thrust  belt),  and  surface  drainage 


FIGURE  3 — Two  types  of  flexural  response  to  lithospheric  stress  relaxation  related  to  supracrustal  loading  (after 
Beaumont  et  al.,  1988).  1,  "loading-type"  relaxation — thrust  migration  largely  ceases;  in  response  to  a  now-static 
load,  the  lithosphere  relaxes  as  peripheral  bulge  migrates  toward  the  load  with  a  concomitant  deepening  of  the 
foreland  basin.  2,  "unloading-type"  relaxation — erosional  unloading  results  in  rebound  near  the  unloaded  area 
and  an  "anti-peripheral  bulge"  or  peripheral  sag  that  deepens  and  migrates  toward  the  former  load. 
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nets  have  had  adequate  time  to  develop.  As  a  result, 
coarser-grained  clastic  debris  is  eroded  and  transported 
into  the  foreland  basin  in  the  form  of  deeper  water  del¬ 
taic  deposits,  turbidites,  contourites,  and  debris  flows. 
Nearshore  siliciclastic  sediments  may  also  be  redistrib¬ 
uted  as  tempestites  by  storms.  While  these  flysch-like 
sediments  accumulate  at  increasing  rates  in  the  foreland 
basin,  uplift  and  basinward  movement  of  the  adjacent 
bulge  may  generate  a  regressive  carbonate  sequence  or 
another  regional  unconformity  that  truncates  previ¬ 
ously  deposited  flysch-like  sediments,  depending  upon 
the  relative  disposition  of  sea  level  (Figure  3.1).  The 
basin  sequence  generated  during  this  loading-type 
relaxation  will  be  regressive,  and  as  the  bulge  migrates 
back  toward  the  load  and  sediments  overflow  from  the 
filled  basin,  adjacent  cratonic  sequences  will  also  appear 
regressive  in  nature. 

Eventually,  as  the  surface  load  is  eroded,  the  rate  of 
siliciclastic  influx  into  the  basin  will  exceed  basin  subsid¬ 
ence  rates,  and  the  foreland  basin  will  fill  or  overflow  with 
siliciclastic  sediment.  The  filling  of  the  basin  with  sili- 
ciclastics,  combined  with  greatly  lowered  source  areas, 
may  set  the  stage  for  deposition  of  an  extensive  blanket  of 
shallow-water  carbonates  or  mixed  carbonates  and  shales. 
These  carbonates  or  shales  mark  the  culmination  of  a 
shallowing  or  regressive  phase  (Figure  4)  that  began  with 
loading-type  relaxation  and  the  influx  of  coarser  clastic 
sediment  into  the  basin.  This  thin  carbonate  or  shale  blan¬ 
ket  may  be  very  widespread  because  the  overflowing 
basin  and  lowered  source  areas  briefly  approach  the  same 
elevation,  and  the  shallow  seas  can  expand  widely. 

Generally,  this  phase  of  "elevational  equilibrium"  is 
short-lived,  because  the  area  of  the  former  orogen  and 
foreland  basin  begins  to  rebound  upward  in  isostatic  re¬ 
sponse  to  the  lost  load.  During  this  unloading-type  relax¬ 
ation,  a  compensating  "anti-peripheral  bulge"  (Figure 
3.2),  perhaps  better  called  a  peripheral  sag,  forms  and 
moves  toward  the  rebounding  area  (Beaumont  et  al., 
1988).  Although  a  short-lived  transgressive  sequence  of 
shallow,  open-marine  carbonates  or  shales  may  be  depos¬ 
ited  in  the  anti-peripheral  bulge  or  peripheral  sag  (Figure 
4),  the  overall  sedimentary  response  is  a  cratonward- 
prograding  wedge  of  marginal  marine  and  terrestrial 
sediments,  which  commonly  contain  redbeds.  Because  of 
rebound  and  the  resulting  progradation,  it  appears  that 
the  foreland  basin  has  "overflowed"  onto  the  craton.  The 
foreland  basin  may  experience  cannibalization,  and  this 
process  may  result  in  an  unconformity  in  proximal  parts 
of  the  basin,  which  "opens  up"  toward  the  tectonic  high¬ 
lands  (Goodman  and  Brett,  1994).  Such  an  unconformity, 
however,  can  be  easily  subsumed  by  erosion  that  accom¬ 
panies  the  bulge  move-out  of  a  succeeding  tectophase  or 
orogeny. 


FIGURE  4 — Flexural  events,  facies,  and  transgressive-regressive  curve 
for  early  subduction-type  orogenies  on  continental  margin.  Sequence 
includes:  1)  unconformity  formation  with  bulge  uplift  and  moveout;  2) 
dark  shale  deposition  with  rapid  subsidence  during  active 
deformational  loading;  3)  deposition  of  flysch-like  elastics  with 
loading-type  relaxation;  and  4)  deposition  of  marginal  marine 
sediments  with  redbeds  that  record  unloading-type  relaxation. 
Sequence  bound  by  unconformities  that  mark  onset  of  deformational 
events  (from  Ettensohn,  1994,  fig.  3). 

Summary  and  IMPLICATIONS. — If  the  above  model  is 
valid,  then  the  presence  of  an  unconformity  followed  by  a 
stratigraphic  sequence,  such  as  in  Figure  4,  is  a  strong  in¬ 
dication  of  tectonic  influence  and  the  presence  of  a  major 
regional  tectonic  component  in  relative  sea-level  curves. 
Moreover,  if  there  is  any  synchroneity  between  tectonic 
events  on  the  same  continent  and  on  nearby  continents, 
as  suggested  by  Johnson  (1971)  for  Devonian  orogenies 
on  Laurussia,  then  the  effects  on  relative  sea-level  may  be 
inter-regional  or  global  in  scale. 

Each  generally  regressive  flexural  sequence  begins 
with  an  unconformity  that  marks  the  inception  of  loading 
and  bulge  move-out.  The  typically  asymmetric  distribu¬ 
tion  of  such  an  unconformity  toward  a  continental  prom¬ 
ontory  or  angularity  is  a  strong  sign  of  major  tectonic 
involvement  (Ettensohn,  1994),  rather  than  the  simple 
sea-level  drawdown  that  accompanies  glaciation. 

Overlying  parts  of  the  flexural  sequence  include  in 
ascending  order:  1)  transgressive  carbonates  or  shallow 
marine  sands;  2)  dark  shales;  3)  a  flysch-like  clastic 
sequence;  and  4)  a  sequence  of  marginal  marine  clastic 
sediments  with  redbeds  (Figure  4).  Moreover,  because 
orogenies  progress  in  pulses  or  tectophases  on  the  order 
of  5  Ma  or  less  in  duration  (Jamieson  and  Beaumont, 
1988),  unconformities  and  their  associated  sedimentary 
sequences  are  generally  cyclic  during  any  one  orogeny 
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FIGURE  5 — Schematic  section  in  part  parallel  to  Appalachian  Basin  strike  that  shows  repetition  and  southly  migration  of  flexural  foreland  basin 
sequences  and  accompanying  unconformities  related  to  Salinic  disturbance.  The  first  late  Telychian  tectophase  never  went  to  completion  before 
onset  of  second  tectophase  in  the  Sheinwoodian,  which  apparently  did  run  to  completion.  Missing  section  along  unconformities  shown  by 
diagonal  ruling.  No  vertical  scale  intended  (after  Ettensohn,  1992b,  1994). 


(Ettensohn,  1994).  Every  cycle,  however,  may  not  exhibit 
the  complete  sequence  of  lithologies,  because  a  new 
tectophase  may  begin  before  the  sedimentary  expression 
of  the  previous  one  is  complete  or  because  erosion  that 
accompanies  new  bulge  uplift  and  move-out  destroys 
parts  of  the  previous  sedimentary  record.  One  consistent 
feature  of  these  cycles  is  that  the  sedimentary  record  of 
each  successive  tectophase  cycle  migrates  farther 
cratonward  than  the  previous  one  (Figures  5,  6),  and  re¬ 
flects  the  continued  cratonward  movement  of  supra- 
crustal  deformation. 

Concomitant  movement  of  successive  sequences 
parallel  to  the  strike  of  the  orogen  similarly  indicates 
oblique  convergence  or  transpression  (Ettensohn,  1987). 
The  cratonward  movement  of  flexural  sequences  is  best 
illustrated  by  mapping  the  distribution  of  the  dark  shale 
units,  because  these  units  are  easily  identified  in  the  sur¬ 
face  and  subsurface  and  because  they  probably  represent 
the  time  of  most  active  tectonism  and  subsidence.  These 
shales  are  thickest  and  best  developed  behind  the  prom¬ 
ontory  on  which  convergence  is  concentrated,  and  the 
distribution  of  the  shales  will  commonly  be  asymmetric 
toward  that  promontory.  These  shales  are  also  important, 
because  in  the  standard  bathymetric  analysis  based  on 
recurrent  benthic  assemblages  from  Silurian  rocks  (e.g., 
Ziegler,  1965;  Ziegler  et  al.,  1968;  Boucot,  1975),  dark 
shales  generally  represent  the  greatest  depths  (Boucot, 
1975;  Kaljo,  1978)  and  are  normally  interpreted  to  reflect 
maximum  highstand  conditions.  However,  we  suggest 
that  if  such  shales  are  parts  of  cyclic  flexural  sequences 


FIGURE  6 — Lower-Middle  Silurian  along  New  York  outcrop  belt 
shows  migration  of  shoreface  and  depocenter  of  major  sequences  and 
sequence-bounding  unconformities.  Major  sequence-bounding 
unconformities  shown  with  vertical  ruling.  Unconformity  that  marks 
late  Telychian  onset  of  Salinic  disturbance  is  below  Sequence  III— IV 
(from  Goodman  and  Brett,  1994,  fig.  13). 

(Figure  4)  in  which  subsequent  dark  shale  units  can  be 
shown  to  migrate  cratonward  in  time  (Ettensohn,  1985, 
1987,  1991;  Ettensohn  and  Brett,  1996a,  1996b)  (Figure  5), 
then  the  highstands  represented  by  the  shales  probably 
contain  a  substantial  tectonic  component.  More  detailed 
mapping  of  the  entire  foreland  basin  sequence  in  a  space- 
time  framework  (Figure  6)  offers  even  greater  possibili¬ 
ties  of  discerning  tectonic  influence,  because  patterns  of 
basin  and  unconformity  migration  are  more  readily 
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observed  (Goodman  and  Brett,  1994).  Of  course,  the  pres¬ 
ence  of  a  nearby  coeval  orogeny  makes  any  such  interpre¬ 
tation  even  more  likely. 

Finally,  it  is  important  to  note  that  although  the  dis¬ 
tinctive  dark  shale-redbed  flexural  sequence  and  related 
criteria  may  be  restricted  to  foreland  basins  where  flexure 
was  greatest,  flexural  stresses  associated  with  the  supra- 
crustal  deformational  load  may  be  transmitted  to  adja¬ 
cent  parts  of  the  craton  across  distances  in  excess  of  1,300 
km  (e.g.,  Karner  and  Watts,  1983;  Ziegler,  1987),  while  the 
effects  of  concomitant  subcrustal  loading  may  be  trans¬ 
mitted  across  distances  up  to  2,000  km  (Gurnis,  1991). 
Hence  cratonic  sedimentation  distal  to  the  foreland  basin 
setting  may  clearly  reflect  patterns  of  relative  sea-level 
fluctuation  that  correspond  in  nature  and  origin  to  flex¬ 
ural  events  in  foreland  basins. 

Silurian  Tectonics  of  the 
Appalachian  Margin  and 
Global  Connections 

Traditionally,  the  tectonic  history  of  the  Appalachian  mar¬ 
gin  has  been  divided  into  several  discrete  orogenic  events. 
With  the  exception  of  a  few  workers  who  extended 
Taconian  orogeny  into  Early  Silurian  time  (e.g.,  Quinlan 
and  Beaumont,  1984;  Tankard,  1986;  Hatcher,  1987),  the  Si¬ 
lurian  of  the  Appalachian  Basin  has  generally  been  consid¬ 
ered  anorogenic.  More  recent  work,  however,  has  shown 
that  tectonism  was  nearly  continuous  in  some  form  on  the 
Appalachian  margin  from  Late  Cambrian  through  Per¬ 
mian  time  (e.g.,  Rast  and  Skehan,  1993).  Of  special  interest 
to  us  has  been  the  tectonic  history  of  the  Ordovician- 
Silurian  transition  and  the  Silurian,  and  the  possibility  of 
discerning  tectonic  influence  on  Silurian  cyclicity.  Most 
workers  have  not  strongly  considered  the  possibility  of 
tectonic  influence  at  this  time  because  the  Taconian  orog¬ 
eny  is  commonly  interpreted  to  have  ended  with  the 
Ordovician;  whatever  Silurian  tectonism  was  present 
(Salinic  disturbance;  Boucot,  1962)  was  thought  to  have 
been  weak  and  generally  ineffectual.  Better  dating  tech¬ 
niques,  more  field  work,  and  improved  models  now  pro¬ 
vide  results  that  challenge  these  earlier  notions.  Evidence 
in  the  form  of  volcanism,  plutonism,  deformation,  and 
foreland  basin  stratigraphy  from  the  northern  and  central 
Appalachians  (Pickering,  1987;  Laird,  1988;  Thirlwall, 
1988;  Wones  and  Sinha,  1988;  Bevier  and  Whalen,  1990; 
Ettensohn,  1992b,  1994;  van  Staal,  1994;  Goodman  and 
Brett,  1994;  van  Staal  and  de  Roo,  1995;  Ettensohn  and 
Brett,  1996a,  1996b)  suggests  that  the  Silurian  of  the  Appa¬ 
lachian  margin  was  also  a  period  of  tectonism,  which 
should  be  reflected  in  Silurian  stratigraphy. 


Silurian  tectonism  on  the  Appalachian  margin  re¬ 
flects  tire  continuing  closure  of  the  Iapetus  Ocean  that  had 
already  begem  by  Late  Cambrian  time.  Most  of  the  closure 
apparently  took  place  in  Ordovician  time  as  island  arcs 
and/or  microcontinents  of  suggested  Theic  (Faill,  1997) 
or — less  likely — Avalonian  (e.g.,  Keppie  et  al,  1996)  affin¬ 
ity  converged  diachronously  from  south  to  north  with  the 
Appalachian  margin.  The  resulting  orogeny  is  called 
Taconian,  and  evidence  for  its  continuation  into  Early 
Silurian  time  is  growing.  At  the  same  time,  closure  of  the 
Iapetus  between  Baltica  and  the  northern  (Greenland) 
margin  of  Lauren tia  was  also  ongoing.  Although  the  entire 
closure  of  the  northern  margin  is  called  the  Caledonian 
orogenic  cycle,  actual  collision  between  Baltica  and 
Laurentia  probably  began  in  late  Llandovery  time  and  is 
called  the  Scandian  orogeny  (Gee,  1975).  It  was  succeeded 
at  various  times  and  places  with  strike  slip  and  trans- 
pressive  deformation  (Gee  and  Roberts,  1983;  Hurst  et  al., 
1983;  Ziegler,  1989;  Torsvik  et  al.,  1996).  Scandian  move¬ 
ments  were  probably  not  without  effect  on  the  Appala¬ 
chian  margin,  because  by  Late  Ordovician  time  terranes 
interpreted  by  some  workers  to  be  of  Avalonian  affinity 
collided  with  southern  Baltica  to  form  a  southern  prong¬ 
like  extension  that  converged  with  the  northern  Appala¬ 
chian  margin  in  the  New  England-Maritime  province  area 
in  Silurian  time  (McKerrow  arid  Ziegler,  1972;  Scotese  and 
McKerrow,  1990;  Torsvik  et  al.,  1996)  (Figure  7).  This  con¬ 
vergence  event  seems  to  be  the  same  as  the  Salinic  distur¬ 
bance  (Boucot,  1962;  Rodgers,  1970,  1987;  Fairbairn,  1971), 
the  main  focus  of  which  was  concentrated  at  the  St. 
Lawrence  Promontory  (Rodgers,  1987). 

In  the  northern  Appalachians,  evidence  for  Silurian 
tectonism  is  already  present  at  the  Ordovician-Silurian 
transition  and  in  the  Lower  Silurian.  Based  on  the  map¬ 
ping  of  tectonic  terranes  and  on  the  history  of  deforma¬ 
tion  in  the  Canadian  Appalachians,  van  Staal  (1994)  and 
van  Staal  and  de  Roo  (1995)  recognized  a  Late  Ordovi¬ 
cian-Early  Silurian  subduction  zone  and  collision 
between  Laurentia  and  the  Gander  margin  of  Avalon  in 
the  area  of  the  St.  Lawrence  promontory.  Probable  flex¬ 
ural  stratigraphic  sequences  that  cross  the  Ordovician- 
Silurian  boundary  in  Newfoundland  (Pickering,  1987) 
also  support  the  occurrence  of  orogeny  at  this  time.  Al¬ 
though  not  kinematically  related  to  other  phases  of 
Taconian  orogeny,  the  location  and  timing  of  the  event,  as 
well  as  the  fact  that  it  continues  the  general  northwardly 
migrating  trend  of  Taconian  tectonism  in  time  along  the 
southeastern  Laurentian  margin,  suggest  that  this  event 
represents  a  continuation  of  Taconian  convergence  into 
the  Silurian.  In  the  Appalachian  Basin,  stratigraphic  and 
sedimentologic  evidence  for  this  event  have  been  pro¬ 
vided  by  Goodman  and  Brett  (1994),  Dorsch  and  Driese 
(1995),  and  Ettensohn  and  Brett  (1996a,  1996b). 
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FIGURE  7 — Tectonic  setting  of  possible  convergence  of  Avalonian 
terranes  with  northern  Appalachian  margin  that  gave  rise  to  the  Salinic 
disturbance  in  late  Llandovery-Wenlock.  Note  southwest  migration  of 
dark  shale  basins  through  time  (see  Figure  5)  and  asymmetry  of  these 
basins  toward  continental  promontories. 

Irt  the  succeeding  upper  Llandovery  and  lower 
Wenlock  section,  structural  and  stratigraphic  evidence  in¬ 
dicate  renewed  orogeny  along  the  Appalachian  margin, 
probably  related  to  transpression  or  oblique  subduction 
between  the  Laurentian  margin  and  the  southward¬ 
extending  prong  of  likely  Avalonian  terranes  (Figure  7). 
Although  most  workers  have  indicated  a  later  Silurian 
time  for  the  Salinic  disturbance,  we  suggest  a  late 
Llandovery  inception  for  the  event  based  on  the  strati¬ 
graphic  evidence  presented  in  the  next  section.  The  uplift 
and  erosion  that  most  workers  have  associated  with  the 
Salinic  disturbance  is  indeed  Salinic,  but  is  more  likely 
related  to  late-stage  uplift  that  accompanied  unloading- 
type  relaxation  (Goodman  and  Brett,  1994)  (Figure  3.2). 

The  Silurian,  especially  the  Early  Silurian,  was  a 
time  of  enhanced  global  tectonic  activity  that  involve  the 
Caledonian  consolidation  of  Laurentia,  Baltica,  Chukotka, 
and  likely  Avalonian  terranes  to  form  Laurussia  (e.g., 
Trettin,  1987;  Ziegler,  1989;  Torsvik  et  al.,  1996;  Khain  and 
Seslavinsky,  1996;  Figure  1).  Partly  coeval  tectonism  was 
also  ongoing  at  many  other  locations  in  the  Silurian 
world  (Figure  1).  These  included  the  Sakmurian- 
Magnitogorsk  arc  of  northern  and  eastern  Baltica 
(Ziegler,  1989;  Khain  and  Seslavinsky,  1996);  the  Cordille- 
ran  margin  of  western  Laurentia  (Churkin  and  Eberlein, 
1977);  the  Altaid  belt  of  southern  Siberia,  Mongolia  and 


" Kazakhs tania"  (§engor  and  Natal'in,  1996;  Khain  and 
Seslavinsky,  1996);  the  Cathaysian  belt  on  the  southeast¬ 
ern  margin  of  the  South  China  (Yangtze)  craton  and 
Indochina  (Institute  of  Geology  et  al.,  1985;  Scotese  and 
Golonka,  1992);  the  north  and  west  parts  of  the  North 
China  craton  (Scotese  and  Golonka,  1992);  eastern  Aus¬ 
tralia;  western  Antarctica;  and  western  South  America 
(Khain  and  Seslavinsky,  1996).  Although  not  directly  re¬ 
lated  to  the  consolidation  of  Laurussia,  much  of  this  tec¬ 
tonism  is  also  commonly  labeled  "Caledonian"  because 
of  its  contemporaneity  with  that  event. 

Tectonic  Component  of 
Appalachian  Silurian  Cycles 

Silurian  cyclicity  in  the  Appalachian  Basin  is  well  estab¬ 
lished  and  largely  attributed  to  eustatic  or  tectono- 
eustatic  causes  (e.g.,  Dennison  and  Head,  1975;  Johnson 
et  al.,  1985;  Johnson,  1987),  but  more  recent  work  has 
documented  significant  tectonic  components  (e.g.,  Brett 
et  al.,  1990b,;  Goodman  and  Brett,  1994;  Ettensohn,  1994). 
As  the  Silurian  was  a  period  of  widespread  tectonism 
that  involved  most  major  continents  and  the  Appalachian 
Basin  was  proximal  to  various  phases  of  the  Caledonian 
consolidation  of  Laurussia,  major  tectonic  influence 
should  be  expected.  Moreover,  because  the  flexural  ef¬ 
fects  of  an  orogeny  can  be  transmitted  up  to  2,000  km 
from  an  orogen,  orogeny  on  one  part  of  a  continent  may 
lead  to  flexural  consequences  across  large  parts  of  a 
newly  consolidated  continent  such  as  Laurussia.  Thus  the 
stratigraphic  criteria  and  models  discussed  above  allow 
both  an  examination  of  the  Appalachian  Silurian  se¬ 
quence  for  indications  of  tectonic  influence  and  a  consid¬ 
eration  of  the  likely  effects  of  glacio-eustatic  causes.  A 
curve  showing  the  expected  relative  subsidence  resulting 
from  Appalachian  flexural  movements  is  plotted  for  com¬ 
parison  in  Figure  8. 

TACONIAN  INFLUENCE. — The  earliest  indication  of  Silurian 
tectonic  influence  in  the  Appalachians  is  at  the 
Ordovician-Silurian  boundary  unconformity,  which  was 
called  the  Cherokee  Unconformity  by  Dennison  and  Head 
(1975).  In  the  central  Appalachians,  this  is  called  the 
Tuscarora  Unconformity  (Dorsch  and  Driese,  1995).  This 
unconformity  is  commonly  attributed  to  a  glacio-eustatic 
drawdown  supported  by  worldwide  sedimentologic  and 
stratigraphic  evidence  (Dennison,  1976;  McKerrow,  1979), 
as  well  as  by  evidence  of  coeval  Gondwanan  glaciation 
(Figure  8)  (e.g.,  Hambrey,  1985;  Grahn  and  Caputo,  1992; 
Buggisch  and  Astini,  1993).  However,  in  the  Appalachian 
Basin  the  distribution  of  the  unconformity  shows  three 
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FIGURE  8 — Comparison  of  tectonic  subsidence  curve  and  tectophases 
with  master  sea-level  curves  and  known  glacial  events.  Kaljo  et  alii's 
(1996)  curve  adapted  from  Johnson  et  al.  (1991)  and  attempts  to 
combine  tectono-  and  glacio-eustatic  effects  without  scaling  sea-level 
changes  to  the  Standard  Benthic  Association  Zones  (as  does  Johnson's 
(1996)  curve.  Curve  for  possible  late  relaxation  phases  of  the  third 
Taconian  tectophase  not  shown  as  it  has  been  severely  perturbed, 
probably  by  glacio-eustatic  overprint.  Black  diamonds  on  right  mark 
major  highstands  based  on  master  curves  and  the  likely  predominant 
causal  component.  Abbreviations:  RT,  regional  tectonism;  GE,  glacio- 
eustasy;  T,  major  tectonism,  possibly  global  in  scope;  TE,  tectono- 
eustasy.  Ages  from  Kaljo  et  al.  (1996). 

eastwardly  projecting  salients  that  correspond  to  continen¬ 
tal  promontories  (Figure  9),  and  a  pattern  of  increasing 
northward  erosional  truncation  and  deformation  of 
Ordovician  strata  toward  the  New  York  Promontory 
(Ettensohn,  1994).  In  fact,  in  parts  of  the  basin  behind  the 
New  York  Promontory,  the  unconformity  is  a  regional 
angular  unconformity  (Brett  et  al.,  1990b;  Brett  and 
Goodman,  1996)  that  becomes  a  very  pronounced  angular 
unconformity  proximally  (Rodgers,  1971;  Liebling  and 
Scherp,  1982),  which  indicates  a  tectonic  influence.  The  fact 
that  the  unconformity  occurs  on  the  Taconic  flexural  se¬ 
quence  (Ettensohn,  1991;  Figure  10)  and  opens  in  an  east¬ 
ward  direction  (Goodman  and  Brett,  1994;  Figures  6,  10) 
suggests  that  the  unconformity  in  this  part  of  the  basin  is 
probably  related  in  large  part  to  isostatic  rebound  that 
accompanied  unloading-type  relaxation  (Figure  3.2)  at  the 
end  of  the  Taconic  tectophase  (Figure  10). 

More  recent  evidence,  however,  indicates  that  the 
unconformity  may  also  reflect  uplift  caused  by  bulge 


FIGURE  9 — Distribution  of  the  Cherokee  (Ordovician-Silurian) 
Unconformity  in  Appalachian  Basin  and  adjacent  areas.  Note 
asymmetry  of  the  unconformity  toward  continental  promontories  in 
proximal  parts  of  the  Appalachian  Foreland  Basin  (dashed  line)  (from 
Ettensohn,  1994). 

move-out  that  accompanied  an  Early  Silurian  tectophase 
of  the  Taconian  orogeny  (van  Staal,  1994;  Ettensohn  and 
Brett,  1996a,  1996b).  Van  Staal  (1994)  first  recognized  a 
Late  Ordovician-Early  Silurian  subduction  complex  as¬ 
sociated  with  the  St.  Lawrence  Promontory  in  the  Cana¬ 
dian  Appalachians.  Ettensohn  and  Brett  (1996a,  1996b) 
later  recognized  the  presence  of  a  partial  Lower  Silurian 
flexural  sequence  in  western  New  York  (Figure  10),  and 
mapped  the  distribution  of  the  dark  Power  Glen-lower 
Cabot  Head  Shales  to  reveal  a  foreland  basin  that  mi¬ 
grated  farther  northwest  than  the  older  Martinsburg 
Basin  and  was  asymmetrical  toward  the  St.  Lawrence 
Promontory  (Figure  11).  Inasmuch  as  this  basin  reflects  a 
continuation  of  the  northwest-migrating  trend  of  earlier 
Taconian  basins  (Figure  11),  and  its  asymmetry  reflects  a 
focus  of  tectonism  at  the  St.  Lawrence  Promontory  that 
seems  to  coincide  in  time  and  space  with  a  Taconian 
event  reported  by  van  Staal  (1994),  the  evidence  points  to 
a  third  and  final  tectophase  of  Taconian  orogeny  centered 
on  the  St.  Lawrence  Promontory. 

The  Grimsby  Sandstone  and  other  siliciclastic  units 
of  the  Medina  Group  that  overlie  the  Power  Glen  Shale 
(Figure  10)  appear  to  record  loading-type  relaxation  (Fig¬ 
ure  3.1).  However,  carbonate  and  siliciclastic  units  of  the 
overlying  lower  and  middle  Clinton  Group  contain  sev¬ 
eral  smaller  sequences  and  unconformities  atypical  of  an 


Tectonic  Components  in  Third-Order  Silurian  Cycles:  Examples  from  the  Appalachian  Basin  and  Global  Implications 


153 


FIGURE  10 — Section  perpendicular  to  strike  of  northern  Appalachian 
Basin  in  New  York  (line  G-F  of  Figure  11),  with  nature  and  disposition 
of  Taconian  flexural  sequences.  Note  relative  westward  migration  of 
foreland  basins  between  time  of  deposition  of  Utica  and  Power  Glen 
Shales  (see  Figure  11).  Black  River  Group  carbonates  record  Blountian 
tectophase  of  Taconian  orogeny,  but  never  developed  into  a  typical 
flexural  sequence  because  of  distance  from  the  southerly  locus  of  the 
tectophase.  Major  unconformities  shown  by  diagonal  ruling.  T-C-K  is 
Thorold,  Cambria,  and  Kodak  Formations.  No  vertical  scale  intended; 
legend  same  as  that  on  Figure  5  (after  Ettensohn,  1991, 1994). 

unloading-type  sequence,  but  do  show  the  typical  migra¬ 
tion  toward  the  orogen  (Figure  6).  These  units  may  record 
an  unloading-type  or  late-stage  relaxation  sequence 
(Goodman  and  Brett,  1994),  but  if  so,  it  is  a  sequence  per¬ 
turbed  by  superimposed  eustatic  fluctuations  and/or 
reactivation  of  local  structures. 

If  the  dark  Power  Glen  Shale  and  equivalents  are 
assumed  to  represent  the  time  of  maximum  tectonic  sub¬ 
sidence  in  this  tectophase  (Figure  8),  it  is  important  to 
compare  the  location  and  timing  of  the  resulting  deepen¬ 
ing  event  with  other  Rhuddanian  highstands  to  deter¬ 
mine  the  likely  predominance  of  one  component  over  an¬ 
other.  Although  the  Silurian  master  curve  shows  only  a 
late  Rhuddanian  highstand  (e.g.,  Johnson,  1996;  Figure  8), 
curves  from  the  Laurentian  parts  of  Great  Britain  arid  Ire¬ 
land  (Leggett,  1980;  Leggett  et  al.,  1982),  from  the 
Avalonian  parts  of  Great  Britain  and  Ireland  (McKerrow, 
1979;  Leggett,  1980),  and  from  Bohemia  (Johnson,  1996) 
suggest  a  highstand  that  endured  for  nearly  all  of  the 
Rhuddanian.  On  the  other  hand,  apparently  distinct  early 
Rhuddanian  highstands  are  known  from  the  eastern  and 
east-central  United  States  and  Canada  (Johnson  et  al., 
1985;  Johnson,  1987),  Poland  (McKerrow,  1979),  Estonia 
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FIGURE  11— Map  of  central  and  southern  Appalachians  with  positions 
of  Taconian  tectonic  highlands  and  dark  shale  foreland  basins  relative 
to  continental  promontories  during  Middle  Ordovician-Early  Silurian. 
Note  northwest  shift  of  dark  shale  foreland  basins  in  time  and 
asymmetry  of  basins  toward  continental  promontories.  Power  Glen- 
Cabot  Head  Shales  represent  time  of  greatest  deformational  loading 
and  subsidence  in  the  Early  Silurian  Taconian  tectophase;  basin  is 
asymmetrical  toward  St.  Lawrence  Promontory,  the  likely  locus  of  this 
tectophase  (after  Ettensohn,  1991, 1994). 


(Johnson  and  McKerrow,  1991;  Johnson  et  al.,  1991a, 
Johnson,  1996),  and  Siberia  (Tesakov  et  al.,  this  volume). 
Clearly,  imprecise  dating  may  figure  into  the  interpreta¬ 
tions  of  two  Rhuddanian  highstands  and  the  timing  of 
possibly  related  Ordovician-Silurian  glacial  events.  In 
fact,  both  highstands  could  represent  the  same  event. 
Nonetheless,  taken  at  face  value,  the  fact  that  all  early 
Rhuddanian  highstands,  except  the  Siberian  one,  are 
present  on  assembling  Laurussian  continents  or 
microcontinents  relatively  close  to  the  locus  of  subduc- 
tion  and  tectonism  (e.g.,  Scotese  and  Golonka,  1992)  (Fig¬ 
ure  1)  suggests  a  tectono-eustatic  origin  for  this  early 
Rhuddanian  highstand  related  to  the  ongoing  assembly 
of  Laurussia.  The  highstand  in  Siberia  (Tesakov  et  al.,  this 
volume)  may  merely  reflect  the  presence  of  coeval  orog¬ 
eny  in  the  Altaid  belt  of  southern  Siberia,  Mongolia,  and 
"Kazakhstania"  (§engor  and  Natal'in,  1996;  Khain  and 
Seslavinsky,  1996). 

SALINIC  INFLUENCE. — The  beginning  of  the  Salinic  influ¬ 
ence  is  represented  by  a  prominent  regional  uncon¬ 
formity  at  the  base  of  the  late  Llandovery  upper  Clinton 
Group  (Ettensohn,  1992b,  1994;  Goodman  and  Brett, 
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1994).  This  late  Telychian  unconformity  "opens"  to  the 
west  (Figure  6),  extends  cratonward  as  a  regional  angular 
unconformity  beyond  the  Algonquin  and  Cincinnati 
Arches  (Rickard,  1975;  Lukasik,  1988;  Brett  et  al.,  1990b; 
Goodman  and  Brett,  1994;  Andrews  and  Ettensohn, 
1996),  and  appears  in  other  areas  of  the  east-central 
United  States  as  a  disconformity  (Ham  and  Wilson,  1967; 
Shaver,  1985;  Patchen  et  al.,  1985)  (Figure  12).  The  angu¬ 
larity  of  the  unconformity  and  its  asymmetrical  distribu¬ 
tion  toward  the  Virginia  and  New  York  Promontories 
(Figure  12)  indicate  a  largely  tectonic  origin  (Ettensohn, 
1994).  Its  tectonic  origin  is  also  supported  by  a  partial 
flexural  sequence  that  overlies  the  unconformity  (Figure 
5).  The  sequence  begins  with  a  condensed  section 
(Westmoreland  Hematite),  followed  by  dark  Williamson 
Shale  that  represents  maximum  loading,  and  is  suc¬ 
ceeded  by  a  very  thin,  greenish-gray,  flysch-like  sequence 
that  records  initiation  of  loading-type  relaxation.  The 
sequence  is  capped  by  argillaceous  offshore  carbonates  of 
the  Rockway  Formation,  which  probably  reflect  eastward 
bulge  movement  that  accompanied  loading-type  relax¬ 
ation  (Lin  and  Brett,  1988;  Eckert  and  Brett,  1989;  Brett  at 
al.,  1990a,  1990b,  1991;  Ettensohn,  1992b,  1994;  Goodman 
and  Brett,  1994;  Brett  and  Goodman,  1996)  (Figure  5). 
Although  prominent,  this  tectophase  was  short-lived, 
and  the  full  flexural  sequence  never  developed  because  it 
was  rapidly  followed  by  a  second  Salinic  tectophase  (Fig¬ 
ures  5,  8). 

The  second  tectophase  began  with  an  early  Wenlock 
or  Sheinwoodian  unconformity  that  has  a  distribution 
pattern  also  asymmetrical  toward  the  New  York  and  Vir¬ 
ginia  Promontories,  and  indicates  the  likely  influence  of 
bulge  uplift  which  emanated  from  the  promontories 
(Ettensohn,  1994)  (Figure  12).  This  time,  however,  the 
flexural  sequence  is  complete  (Figures  5,  8).  The  sequence 
begins  with  a  transgressive  carbonate  (Irondequoit  Lime¬ 
stone  and  equivalents)  that  grades  upward  into  dark 
Rochester  shales  and  mudstones,  which  are  overlain  by 
lighter  colored  tempestitic  and  calcareous  sediments 
(Folk,  1962;  Smosna  and  Patchen,  1978;  Brett,  1983;  Brett 
et  al.,  1990a,  1990b,  1991;  Goodman  and  Brett,  1994;  Brett 
and  Goodman,  1996).  This  part  of  the  flexural  sequence  is 
capped  with  a  another  carbonate  unit  (DeCew  Dolostone 
and  equivalents)  and  truncated  in  places  by  an  uncon¬ 
formity  that  likely  records  the  eastward  bulge  movement 
that  accompanied  the  final  phases  of  loading-type  relax¬ 
ation  (Figures  3.1,  5,  6).  The  late  Wenlock-early  Ludlow 
spread  of  Lockport  Group  carbonates  throughout  the 
basin  reflects  complete  basin  infill  during  loading-type 
relaxation  (Figures  3.1,  4,  5).  The  shallow-water  marine 
shales  in  eastern  parts  of  the  partially  equivalent 
McKenzie  Formation  (Figure  5)  probably  records  devel¬ 
opment  of  an  anti-peripheral  bulge  or  peripheral  sag  and 


FIGURE  12 — Distribution  of  two  late  Llandovery  (late  Telychian)  and 
early  Wenlock  (Sheinwoodian)  unconformities  related  to  the  Salinic 
disturbance  in  the  Appalachian  Basin  (dashed  line)  and  adjacent  areas. 
Note  pronounced  asymmetry  of  unconformity  distribution  toward 
promontories  (from  Ettensohn,  1994,  fig.  10). 

the  beginning  of  unloading-type  relaxation  (Figures  3.2, 
4).  The  marginal  marine  redbeds,  dolostones,  and  shales 
of  the  Vernon  and  Bloomsburg  Formations  (Figure  5)  are 
what  most  workers  have  identified  with  the  Salinic  dis¬ 
turbance,  but  they  are  merely  the  last  part  of  a  complete 
flexural  sequence  that  represents  the  cratonward  pro¬ 
gradation  of  marginal  marine  beds  that  accompanied 
unloading-type  relaxation  (Ettensohn,  1992b,  1994). 
Rebound  associated  with  this  relaxation  was  apparently 
substantial  enough  in  eastern  New  York  that  parts  of  the 
Vernon  Shale  were  uplifted  and  truncated  on  the  Salinic 
unconformity  (Brett  et  al.,  1990). 

The  age  of  deformation,  magmatism,  and  metamor¬ 
phism  defines  the  beginning  of  the  Salinic  disturbance  in 
the  Canadian  Appalachians  at  about  430  Ma  (Cawood  et 
al.,  1995),  and  this  age  coincides  well  with  the  late 
Telychian  inception  of  the  event  as  interpreted  from  the 
stratigraphic  record  (Figure  8).  The  angularity  of  the 
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unconformity,  its  distribution,  and  an  overlying  flexural 
stratigraphic  sequence  all  support  a  major  late  Telychian 
tectonic  component.  Similar  lines  of  evidence  support  the 
presence  of  a  second  Salinic  tectophase  that  began  about 
in  the  middle  Sheinwoodian  and  continued  almost  to  the 
end  of  the  Silurian  (Figures  5,  8).  Regional  cross-sections 
(Figures  5,  6)  and  basin  maps  (Figure  7)  show  the 
cratonward  migration  of  successive  dark  shale  basins. 
The  overall  southward  migration  of  these  basins  (Figure 
7)  marks  them  as  distinct  from  the  northwestwardly  mi¬ 
grating  Taconian  basins  (Figure  11).  Flence  the  evidence 
strongly  supports  a  major  tectonic  component  in  the  late 
Telychian  and  middle  Sheinwoodian  highstands  in  the 
Appalachian  area,  as  both  highstands  coincided  with  the 
inception  of  Salinic  tectophases. 

Interestingly,  the  Scandian  orogeny  is  also  inter¬ 
preted  to  have  begun  in  the  late  Llandovery,  with  evi¬ 
dence  for  late  Telychian  nappe  emplacement  in  Green¬ 
land  (Hurst  et  al.,  1983),  coeval  tectonism  in  Norway  and 
Sweden  (Andersen,  1981;  Gee  and  Roberts,  1983; 
Dallmeyer,  1988;  Roberts,  1988),  late  Llandovery  bento¬ 
nites  in  Scandinavia  (Bruton  and  Harper,  1988),  and  pos¬ 
sible  late  Llandovery-early  Wenlock  flexural  foreland  ba¬ 
sin  sequences  (Bassett  et  al.,  1982;  Gee  and  Roberts,  1983; 
Bassett,  1985).  The  fact  that  the  inceptions  of  the  Scandian 
and  Salinic  orogenies  were  late  Telychian  on  separate 
parts  of  the  same  suture  suggests  that  convergence  may 
have  been  active  along  the  entire  Caledonian  suture  at 
this  time.  If  so,  flexural  subsidence  may  have  been  a  ma¬ 
jor  component  of  any  late  Telychian  highstand  recorded 
within  at  least  1,300  km  of  the  suture,  and  even  perhaps 
further  away. 

Late  Early  Silurian  tectonism  is  also  recorded  on  the 
southeast  South  China  (Yangtze)  craton  (Institute  of 
Geology  et  al.,  1985;  Khain  and  Seslavinsky,  1996)  and 
Australia  (Pickett,  1982;  Khain  and  Seslavinsky,  1996), 
although  the  descriptions  and  timing  of  orogeny  are  less 
clear.  Whether  or  not  the  orogenic  events  on  separate 
plates  are  related  is  uncertain,  but  it  is  clear  that  the  late 
Llandovery  was  a  time  of  global  tectonic  reorganization 
that  involved  the  consolidation  of  Laurussia  along  the 
Caledonian  suture.  Hence  it  is  a  time  when  widespread 
tectonic  subsidence  should  be  expected — even  while 
some  nearby  areas  were  experiencing  uplift. 

The  likelihood  of  widespread  tectonic  subsidence  at 
this  time  is  all  the  more  important,  because  it  apparently 
coincided  with  the  late  Telychian  highstand  (Figure  8), 
one  of  the  best  documented  and  most  extensive  of  Sil¬ 
urian  highstands,  and  one  of  the  greatest  of  the  Phanero- 
zoic  (Vail  et  al.,  1977;  Scotese  and  Golonka,  1992).  In 
comparing  the  late  Telychian  highstand  with  the  Silurian 
glacial  record  (Grahn  and  Caputo,  1992;  Caputo,  1996),  it 
is  apparent  that  the  highstand  immediately  preceded  the 


youngest  known  Silurian  glaciation.  Although  Grahn  and 
Caputo  (1992)  and  Caputo  (1996)  indicated  that  this  gla¬ 
ciation  was  latest  Llandovery  to  earliest  Wenlock,  the 
highstand  had  apparently  peaked  before  the  advent  of 
glaciation.  This  is  supported  by  the  carbon  isotope  record 
(Kaljo  et  al.,  this  volume;  Heath  et  al.,  this  volume),  which 
suggests  that  the  glaciation  was  earliest  Sheinwoodian 
(earliest  Wenlock).  This  means  that  glacio-eustasy  cannot 
be  ruled  out  as  a  major  contributor  to  the  late  Telychian 
highstand,  although  it  does  leave  unexplained  a  middle 
Telychian  lowstand  for  which  no  glaciation  is  now 
known  (Figure  8).  However,  the  late  Llandovery  also 
seems  to  have  been  a  period  of  global  tectonic  reorganiza¬ 
tion,  and  the  widespread  flexural  subsidence,  far-field 
tilting,  and  tectono-eustasy  that  must  have  accompanied 
the  nearly  coeval  orogenies  on  various  Laurussian  and 
Gondwanan  subcontinents  cannot  be  ignored  in  explana¬ 
tions  of  this  highstand.  In  addition,  it  is  likely  that  once 
the  ages  of  some  of  the  more  loosely  dated  "Silurian" 
orogenies  on  other  continents  become  more  precisely 
known,  the  effects  of  this  late  Llandovery  reorganization 
will  prove  to  be  even  more  widespread.  Thus  for  the  late 
Telychian  highstand,  it  is  difficult  to  assign  predomi¬ 
nance  to  one  component  over  another.  Indeed,  it  seems 
that  tectono-  and  glacio-eustatic  components  reinforced 
each  other  in  the  late  Telychian  to  produce  what  has  been 
interpreted  as  the  maximum  sea-level  rise  of  the  Silurian. 

The  second  Salinic  tectophase  interpreted  from  the 
Appalachian  Basin  is  a  Wenlock  or  middle  Sheinwoodian 
event  that  also  coincides  with  a  major  Silurian  highstand 
(Figure  8)  that  has  been  recorded  in  Iowa,  Avalonia,  Esto¬ 
nia,  Bohemia,  Australia,  and  Siberia  (Johnson,  1996; 
Tesakov  et  al.,  this  volume).  Tectonism  of  approximately 
similar  age  reported  in  Scandinavia  (Roberts,  1988; 
Torsvik  et  al.,  1996)  and  possibly  in  Greenland  and 
Svalbard  (Roberts,  1988)  suggests  that  this  tectophase 
may  have  occurred  to  some  extent  along  the  entire 
Caledonian  suture.  The  more  regional  nature  of  this  tec¬ 
tonism,  in  contrast  to  the  apparently  global  late  Telychian 
tectonism,  may  explain  the  fact  that  the  middle 
Sheinwoodian  highstand  is  largely  restricted  to  the  conti¬ 
nents  and  terranes  that  were  assembling  to  form 
Laurussia  (Johnson  and  McKerrow,  1991;  Johnson,  1996), 
where  the  effects  of  accompanying  flexural  subsidence 
would  have  been  concentrated.  The  occurrence  of  appar¬ 
ently  coeval  highstands  on  parts  of  Australia  and  Siberia, 
however,  may  merely  reflect  concurrent  episodes  of  tec¬ 
tonism  that  was  ongoing  in  both  areas  throughout  the 
Silurian  (§engor  and  Natal'in,  1996;  Khain  and 
Seslavinsky,  1996).  By  this  time,  moreover,  the  effects  of 
glaciation  were  apparently  inconsequential,  and  this  is 
generally  supported  by  Silurian  conodont  87Sr/86Sr 
chemostratigraphy  (Ruppel  et  al.,  1996). 
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A  similar  highstand  at  the  Sheinwoodian-Homer- 
ian  transition  may  also  reflect  tectonic  influence.  This 
highstand  occurs  at  about  the  time  during  the  second 
Salinic  tectophase  when  a  returning  antiperipheral  bulge 
or  peripheral  sag  (Figure  3.2)  would  have  been  likely.  As 
does  its  predecessor,  it  reflects  a  smaller  flooding  event, 
and  the  apparent  extent  of  the  highstand  is  even  more 
narrowly  confined  to  parts  of  the  assembling  Laurussian 
continent  near  the  Scandian  orogen  (Johnson  and 
McKerrow,  1991;  Johnson,  1996). 

For  the  remaining  parts  of  the  Wenlock,  Ludlow, 
and  Pridoli,  unloading-type  relaxation  (Figures  5,  11) 
characterized  the  Appalachian  Basin,  and  with  it  came  a 
slow  infilling  of  the  basin  with  shallow-marine  to  mar¬ 
ginal  marine  carbonates  and  siliciclastics.  The  overall 
trend  is  one  of  regression,  but  smaller-scale  transgressive 
and  regressive  excursions  are  present  on  the  curve  (Brett 
and  Goodman,  1996).  These  excursions  may  reflect 
tectono-eustasy  related  to  Scandian  tectonism  in 
Scandinavia  (e.g.,  Gee  and  Roberts,  1983;  Roberts,  1988) 
that  had  no  counterparts  along  the  Appalachian  parts  of 
the  Caledonian  suture. 

Conclusions 


The  subcrustal  and  supracrustal  loading  that  normally  ac¬ 
companies  orogenic  events  provides  diverse  mechanisms 
for  generating  widespread,  relatively  rapid  tectonic  subsid¬ 
ence  of  the  sort  that  could  readily  influence  sea-level  fluc¬ 
tuations  on  regional  to  possibly  global  scales.  Of  the  two 
types  of  loading,  it  is  the  flexural  effects  of  supracrustal 
loading  that  are  currently  best  understood  and  that  provide 
the  most  effective  approach  to  discern  the  presence  and  na¬ 
ture  of  tectonic  components  in  cyclicity.  Although  it  is  prob¬ 
ably  impossible  to  differentiate  "purely"  eustatic  from  tec¬ 
tonic  causes,  some  of  the  results  of  flexural  modeling  make 
it  possible  to  detect  the  tectonic  component,  and  in  some  in¬ 
stances  to  suggest  the  relative  predominance  of  one  compo¬ 
nent  over  another,  especially  when  the  most  important 
causes  of  "pure  eustasy"  at  the  time  are  well  known.  The 
Silurian  time  frame  and  the  nature  of  the  Silurian  section  of 
the  Appalachian  Basin  provide  just  such  an  opportunity. 
Glaciation  is  now  thought  to  have  controlled  much  of  the 
eustatic  variation  during  the  Early  Silurian  and  early  Late 
Silurian,  and  the  nature  and  timing  of  glacial  events  are  now 
reasonably  well  understood  (e.g.,  Grahn  and  Caputo,  1992). 
This  kind  of  understanding  is  important  because  it  provides 
a  background  against  which  the  relative  influence  of  tec¬ 
tonic  causes  can  be  evaluated.  For  most  of  the  Late  Silurian, 
however,  a  glacio-eustatic  component  is  absent,  because  gla¬ 
ciation  was  either  inconsequential,  absent,  or  evidence  for  it 
is  not  yet  known. 


The  nature  of  the  stratigraphic  record  is  important 
in  this  regard.  Although  the  Appalachian  orogen  has 
been  multiply  deformed,  most  of  the  foreland  basin 
escaped  severe  deformation.  This  means  that  the  major 
source  of  flexural  evidence,  the  Silurian  foreland  basin 
stratigraphic  sequence,  is  largely  intact  and  available  for 
analysis.  Unfortunately  the  tectonic  history  of  the  Cal¬ 
edonian  belt  in  the  Appalachians  is  not  as  well  under¬ 
stood,  and  for  some  time  the  presence  and  nature  of 
Silurian  tectonism  was  unrecognized  or  unappreciated 
here.  New  studies  are  now  changing  this  state  of  affairs 
(e.g.,  van  Staal,  1994;  van  Staal  and  de  Roo,  1995;  van 
Staal  et  al.,  1996;  Torsvik  et  al.,  1996),  but  until  this  line  of 
research  fully  matures,  analyses  of  Silurian  sequences 
based  on  flexural  models  (e.g.,  Brett  et  al.,  1990b; 
Ettensohn,  1992b,  1994;  Goodman  and  Brett,  1994)  prob¬ 
ably  provide  the  best  evidence  for  the  timing  of  Silurian 
tectonism  on  the  Appalachian  margin.  This  kind  of  evi¬ 
dence  is  equally  important  because  it  provides  a  way  to 
compare  Appalachian  Silurian  tectonism  with  that  of 
other  parts  of  the  Caledonian  belt  and,  for  that  matter, 
with  tectonism  in  other  parts  of  the  world. 

Recent  structural  and  flexural  analyses  are  now  be¬ 
ginning  to  show  that  the  Appalachian  margin  was  indeed 
the  scene  of  Silurian  tectonism,  albeit  not  as  intense  or  pro¬ 
longed  as  tectonism  recorded  farther  north  along  the 
Caledonian  suture.  Much  of  the  earlier  evidence  had  either 
gone  unrecognized  or  has  been  interpreted  as  Taconian  or 
Acadian,  even  though  some  of  the  distinctions  between 
individual  tectonic  events  are  beginning  to  break  down,  as 
the  Appalachian  margin  was  the  site  of  nearly  continuous 
tectonism  from  the  Late  Cambrian  to  Permian.  Nonethe¬ 
less,  our  examination  of  the  Appalachian  Silurian  for  flex¬ 
ural  evidence  of  tectonism,  based  on  the  nature  and  distri¬ 
bution  of  unconformities,  flexural  stratigraphic  sequences, 
and  dark  shales,  suggests  three  major  tectophases,  each  of 
which  must  have  contributed  some  component  to  the  local 
and  regional  eustatic  situation. 

The  first  of  these  is  an  extension  of  the  Taconian 
orogeny  into  the  Silurian.  The  nature  of  the  underlying 
unconformity,  presence  of  a  partial  flexural  sequence, 
and  foreland  basin  subsidence  recorded  in  a  pattern  of 
dark  shale  distribution  that  apparently  reflects  a  north¬ 
ward  extension  of  previous  Taconian  trends,  all  indicate  a 
third  Early  Silurian  tectophase  of  the  Taconian  orogeny.  A 
coeval  highstand  not  only  occurs  in  the  Appalachian 
Foreland  Basin,  but  is  largely  restricted  to  other  assem¬ 
bling  parts  of  Laurussia,  where  the  far-field  effects  of  tec¬ 
tonic  subsidence  can  be  expected.  Regional  structural 
analysis  (van  Staal,  1994;  van  Staal  and  de  Roo,  1995)  also 
supports  the  proximity  and  timing  of  a  coeval  orogenic 
event.  It  is  difficult  to  relate  the  accompanying  highstand 
to  any  known  glacial  or  tectonic  event  (Figure  8).  This 
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Rhuddanian  highstand  appears  to  be  a  largely  Lau- 
russian  event  that  coincides  in  location  and  timing  with  a 
newly  recognized  orogenic  phase,  and  the  absence  of  a 
coeval  highstand  on  most  other  continents  suggests  the 
predominance  of  a  tectonic  component. 

The  second  and  third  examples  record  two  tecto- 
phases  of  the  Salinic  disturbance.  Evidence  similar  to  that 
used  above  was  collected,  with  the  exception  that  analy¬ 
sis  of  dark  shale  distribution  in  the  foreland  basins  shows 
a  sense  of  basin  migration  (Figure  7)  different  than  that  of 
Taconian  basins  (Figure  11),  thus  confirming  the  separate 
and  distinct  nature  of  Salinic  tectonism.  What  is  not  so 
obvious  about  the  initial  late  Telychian  tectophase  is  that 
it  coincided  with  the  inception  of  Scandian  orogeny  along 
much  of  the  Caledonian  suture  and  with  apparent  Early 
Silurian  tectonism  around  the  globe.  Moreover,  the  global 
tectonic  reorganization  that  included  the  Salinic  tecto¬ 
phase  coincided  with  a  late  Telychian  highstand  that  was 
the  greatest  of  the  Silurian  flooding  events  (e.g.,  Johnson, 
1996;  Kaljo  et  al.,  1996).  Although  this  highstand  was 
coeval  with  a  period  of  deglaciation,  the  highstand  is  so 
much  greater  than  other  Silurian  deglaciation  events  that 
it  seems  necessary  to  call  on  the  reinforcing  effects  of 
global  tectonism  to  explain  its  magnitude.  A  substantial 
part  of  the  late  Telychian  highstand  may  reflect  the  exten¬ 
sive  tectonic  reorganization  of  the  time,  apparently  in 
large  part  initiated  by  the  assembly  of  Laurussia. 

A  subsequent  middle  Sheinwoodian  highstand 
coincided  with  the  second  Salinic  tectophase  in  the  Appa¬ 
lachian  Basin  (Figure  8)  and  with  apparently  coeval 
tectonism  lateral  to  the  Caledonian  suture.  Both  the  tec¬ 
tonism  and  the  highstand  are  more  regional  in  scope  than 
similar  late  Telychian  events  and  are  largely  restricted  to 
Laurussian  subcontinents,  but  they  suggest  a  relationship 
between  tectonism,  highstands,  and  the  likely  predomi¬ 
nance  of  a  tectonic  component  in  the  highstand.  A  subse¬ 
quent  late  Sheinwoodian-early  Homerian  highstand  was 
apparently  even  more  restricted  in  distribution,  and  may 
be  related  to  a  minor  deepening  that  accompanied  early 
unloading-type  relaxation  in  the  Salinic  disturbance  and 
coeval  orogeny  on  other  continents  and  terranes  that 
were  assembling  to  form  Laurussia.  After  the  early  Ho¬ 
merian,  the  flexural  tectonic  curve  in  the  Appalachian 
Basin  (Figure  8)  apparently  reflected  slow  regression  and 
basin  infilling  that  accompanied  relaxation  and  the  im¬ 
pending  conclusion  of  Salinic  tectonism.  Although  both 
regional  and  global  eustatic  curves  continue  to  show 
transgressive  and  regressive  excursions  during  the  re¬ 
mainder  of  Silurian  time  (Figure  8),  these  fluctuations 
likely  reflect  tectonic  events  beyond  the  Appalachians  in 
the  absence  of  known  glacial  events. 

Clearly  the  criteria  developed  from  flexural  models 
to  discern  the  influence  of  tectonism  in  the  sedimentary 


record  and  the  relative  effects  of  eustasy  are  powerful  tools 
in  determining  ultimate  causes.  This  is  especially  true 
when  information  about  contributions  from  the  other  most 
likely  cause  (i.e.,  glacio-eustasy)  is  also  known,  as  is  the 
case  through  much  of  the  Silurian.  This  kind  of  informa¬ 
tion,  when  used  with  established  sea-level  curves,  makes  it 
possible  to  establish  the  relative  predominance  of  tectonic 
versus  glacio-eustatic  components  in  some  sea-level 
cycles;  the  likelihood  of  regional  versus  global  tectonic 
causes;  and  the  presence  of  destructive  versus  constructive 
interference  between  glacio-eustatic  and  tectonic  compo¬ 
nents.  Even  though  the  global  record  of  Silurian  tectonism 
is  imperfectly  known,  regional  syntheses  from  such  areas 
as  the  Appalachian  Basin  aid  in  our  determination  of  ulti¬ 
mate  causes  on  various  scales  and  our  understanding  of 
the  interrelationships  between  these  causes.  The  implica¬ 
tions  of  lithospheric  flexure  and  far-field  tectonics,  even  for 
local  and  regional  settings  like  the  Appalachians,  may 
have  global  significance. 
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ABSTRACT — This  study  presents  a  high-resolution  analysis 
of  Silurian  graptoloid  diversity  and  survivorship  with  data 
from  all  paleolatitudes.  This  permits  a  view  of  worldwide  fau¬ 
nal  dynamic  patterns  and  the  relationship  of  these  patterns 
with  sea-level  change. 

The  overall  diversity  trend  shows  a  stepzvise  increase 
from  the  Late  Ordovician  extinction  to  a  peak  in  the  early 
Aeronian,  and  an  overall  diversity  decline  from  the  early 
Telychian  through  the  remainder  of  the  Silurian.  The  most  sig¬ 
nificant  graptoloid  extinctions  are  the  Monograptus 
transgrediens  Event  (79%  of  taxa  extinct),  Neocucullo- 
graptus  kozlowskii  Event  (70%  extinct),  late  Cyrtograptus 
lundgreni  Event  (69%  extinct),  late  Parakidograptus 
acuminatus  Event  (65%  extinct),  Cyrtograptus  murchisoni 
Event  (64%  extinct),  Monograptus  (Uncinatograptus) 
spineus  (late  M.  (Formosograptus)  formosus)  Event  (64% 
extinct),  Cyrtograptus  lapworthi  Event  (62%  extinct),  and 
early  Stimulograptus  sedgwickii  Event  (59%  extinct). 
Events  of  regional  or  lesser  significance  include  the  Stimulo¬ 
graptus  utilis  (Spirograptus  turriculatus)  Event  (52%  ex¬ 
tinct),  and  the  late  Saetograptus  leintwardinensis  Event 
(52%  extinct).  Of  these,  only  the  late  P.  acuminatus  Event  has 
not  been  previously  described. 

There  is  a  coincidence  between  most  of  these  events  and 
reported  eustatic  fall.  The  precise  way  in  which  sea-level  fall 
may  be  related  to  changes  in  oceanic  temperature,  circulation, 
and  rates  of  upwelling  and  productivity,  and  the  effect  of 
these  changes  on  Silurian  planktic  food  webs,  remains  contro¬ 
versial.  If  the  sub-photic,  dysaerobic  zone  that  today  charac¬ 
terizes  upwelling  zones  was  the  preferred  graptolite  habitat, 
then  the  dramatic  reduction  in  that  habitat  ivith  regression, 
whatever  its  cause,  could  have  resulted  in  widespread  grapto¬ 
lite  extinction. 


Introduction 


Biodiversity  and  extinction  patterns  in  the  Silurian 
graptoloids  have  been  the  subject  of  analysis  for  several 
decades  (e.g.,  Boucek,  1953;  Bulman,  1964;  Rickards, 
1978).  Koren'  (1987)  was  the  first  to  consider  diversity 
dynamics  and  bioevents  and  their  relation  to  important 
global  physical  events.  Since  that  time,  the  two  major  Sil¬ 
urian.  graptolite  bioevents  that  have  received  the  most  at¬ 
tention  have  been  the  radiation  following  the  Late  Or¬ 
dovician  extinction  event  (e.g.,  Koren',  1991a;  Melchin 
and  Mitchell,  1991;  Storch,  1996;  Koren'  and  Bjerreskov, 
In  press;  Lukasik  and  Melchin,  In  press)  and  the 
Homerian  extinction  and  subsequent  radiation  (e.g.,  Jae¬ 
ger,  1991;  Koren',  1991b;  Lenz,  1993a;  Urbanek,  1993; 
Legrand,  1994;  Storch,  1995a;  Gutierrez-Marco  et  al., 
1996).  However,  a  number  of  other  graptolite  bioevents 
have  been  the  focus  of  study  (Koren',  1993;  Urbanek, 
1993,  1995;  Loydell,  1994;  Melchin,  1994;  Storch,  1995a). 
Overall  patterns  of  Silurian  graptolite  diversity  have 
been  summarized  by  Kaljo  et  al.  (1995).  A  prevailing 
theme  among  these  studies  is  the  apparent  relationship 
between  graptoloid  diversity  and  extinction  patterns  and 
eustatic  change.  Most  authors  have  not  regarded  the  con¬ 
nection  between  graptoloid  dynamics  and  sea-level 
change  to  be  direct.  Rather,  sea-level  change  is  often  re¬ 
garded  as  coinciding  with  such  oceanographic  events  as 
changes  in  circulation,  temperature,  oxygenation,  and/or 
productivity  that  are  more  likely  to  affect  planktic  com¬ 
munities  directly. 

Of  the  earlier  studies,  most  have  focused  on  a  par¬ 
ticular  time  interval,  examined  trends  through  the  Sil¬ 
urian  in  a  particular  region,  or  plotted  diversity  data 
compiled  from  one  or  a  few  regions.  The  purpose  of  this 
report  is,  for  the  first  time,  to  compile  the  most  up-to-date 
diversity  and  survivorship  data  for  the  whole  Silurian,  at 
the  highest  resolution  possible  and  from  different  paleo- 
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FIGURE  1 — Paleogeographic  maps  for  Early  (Llandovery)  and  Late 
Silurian  (Ludlow)  (after  Cocks  and  Scotese,  1991),  with  location  of  the 
main  study  regions.  Locations:  1,  Arctic  Canada;  2,  northwest  Britain, 
with  northwest  Ireland  and  Scotland;  3,  southeast  Britain,  with  Wales, 
southeast  Ireland,  and  much  of  England;  4,  Poland  and  Bornholm;  5, 
Bohemia;  6,  central  Asia  and  Kazakhstan. 

continents  and  paleolatitudes.  The  objective  is  to  get  a 
glimpse  of  the  global  patterns  of  graptoloid  diversity  and 
extinction  in  the  Silurian  with  regional  differences  fil¬ 
tered  out. 

One  of  the  major  difficulties  of  undertaking  such  a 
study  is  the  problem  of  inter-regional  correlation  and  the 
inadequacies  of  the  data  sets  from  many  parts  of  the 
world.  Several  areas  have  very  refined  graptoloid  zonal 
subdivisions,  but  these  zonations  cannot  always  be  rec¬ 
ognized  in  other  parts  of  the  world.  For  this  reason,  the 
less  detailed  but  more  globally  applicable  zonation  of 
Koren'  et  al.  (1996)  was  used  for  this  report.  The  regions 
and  data  sets  chosen  for  this  report  had  to  be  limited  to 
those  with  graptoloid  range  data  at  a  resolution  of  at  least 
one-half  of  a  zone,  and  those  that  presented  the  range 
data  in  a  relatively  consistent  manner  for  a  considerable 
portion  of  Silurian  time.  Such  data  sets  were  found  to  be 
available  from  the  Prague  Basin  area  of  Perunica 
(Bohemia,  Czech  Republic  [Pr ibyl,  1983;  H.  Jaeger  in  KHz 
et  al.,  1986;  Storch,  1993,  1994a,  1994b,  1995a,1995b,  1996, 
unpublished  data]);  the  Avalon  and  Iapetus  margins  of 
the  British  Isles  (Rickards,  1976),  especially  Wales 
(Loydell,  1991,  1992,  1993;  Loydell  and  Cave,  1993,  1996; 
Zalasiewicz,  1994;  Zalasiewicz  and  Tunnicliff,  1994);  the 


Baltic  regions  of  Bornholm  (Bjerreskov,  1975;  Koren'  and 
Bjerreskov,  In  press)  and  Poland  (Teller,  1964,  1969; 
Urbanek,  1966,  1970,  In  press);  the  Llandovery-Wenlock 
of  Laurentian  Arctic  Canada  (Melchin,  1989,  unpublished 
data;  Melchin  et  al.,  1991;  Lenz  and  Melchin,  1991;  Lenz, 
1995);  and  the  Rhuddanian  and  late  Wenlock-Pridoli  of 
central  Asia  (Kazakhstania  margin  [Koren',  1989,  1992, 
1994;  Koren'  and  Lytochkin,  1992;  Koren'  and  Sujarkova, 
In  press;  Pickering  et  al.,  in  press;  TNK  and  MJM,  unpub¬ 
lished  data]).  Each  part  of  the  Silurian  is  thus  represented 
by  relatively  high,  middle,  and  low  paleolatitude  locali¬ 
ties  (Figure  1).  In  the  following  sections,  observations 
made  concerning  any  of  these  regions  can  be  assumed  to 
be  derived  from  the  references  listed  above,  unless  other¬ 
wise  specified.  Note  that  the  zonation  and  range  data 
compiled  by  Rickards  (1976)  represent  a  composite  of  in¬ 
formation  compiled  from  throughout  the  British  Isles,  but 
is  the  only  comprehensive  source  of  graptolite  ranges  for 
much  of  the  Silurian  of  this  region;  the  zonation  has  been 
widely  used  as  a  Silurian  standard.  More  recently  pub¬ 
lished  data  from  the  Llandovery  and  lower  Wenlock  of 
Wales  (Loydell,  1991,  1992,  1993;  Loydell  and  Cave,  1993, 
1996;  Zalasiewicz,  1994;  Zalasiewicz  and  Tunnicliff,  1994) 
are  treated  separately  because  they  provide  a  more  de¬ 
tailed  zonation  and  range  data  set,  but  of  a  more  limited 
stratigraphic  interval. 


FIGURE  2 — (opposite)  Early  Silurian  correlations  between  main  study 
regions.  Generalized  zonation  of  Koren'  et  al.  (1996).  British  Isles 
zonation  with  composite  zonation  of  Great  Britain  and  Ireland 
(Rickards,  1976);  Wales  zonation  from  Zalasiewicz  (1990, 1994),  Loydell 
(1991,  1992,  1993),  Loydell  and  Cave  (1993,  1996),  Zalasiewicz  and 
Tunnicliff  (1994);  Bohemia  zonation  from  Storch  (1994a,  1994b,  1995a, 
1996);  Poland  and  Bornholm  zonation  from  Teller  (1969),  Bjerreskov 
(1975),  Koren'  and  Bjerreskov  (In  press);  Arctic  Canada  zonation  from 
Melchin  (1989),  Melchin  et  al.  (1991),  Lenz  and  Melchin  (1991),  and 
Lenz  (1995).  Asterisks  show  Welsh  zones  that  are  divided  into 
subzones:  1)  Spirograptus  guerichi  Zone  consists  in  ascending  order  of 
Paradiversograptus  nincinatus,  "Monograptus"  gemmatus,  Pristiograptus 
renaudi,  and  lower  Stimulograptus  utilis  Subzones;  2)  Spirograptus 
turriculatus  Zone  includes  upper  Stimulograptus  utilis,  Streptograptus 
johnsonae,  Torquigraptus  proteus,  and  Torquigraptus  carnicus  Subzones;  3) 
Monograptus  crispus  Zone  includes  Monoclimacis?  galaensis,  Monograptus 
crispus,  and  Streptograptus  sartorius  Subzones.  Abbreviations  in  Figures 
2-4:  Ak.=Akidograptus,  At.=Atavograptus,  B.-Bohemograptus,  Cam.= 
Campograptus,  Ce.=Cephalograptus,  Co.=Coronograptus,  Col.= 
Colonograptus,  Cu.=Cucullograptus,  Cy.=Cyrtograptus,  Cys.=Cystograptus, 
Dm.=Demirastrites,  F.=Formosograptus,  G.=Gothograptus,  H.=Hirsuto- 
graptus,  L.=Lobograptus,  Lg.=Lagarograptus,  M.=Monograptus,  Mci- 
Monoclimacis,  N.=Normalograptus,  Nc.=Neocucidlograptus,  Ndp.=Neo- 
diplograptus,  Ndv.=Neodiversograptus,  Nl.=Neolobograptus,  O.-Oktavites, 
P.=Pristiograptus,  Pb.=Pribylograptus,  Pk.=Parakidograptus,  Pm.=Para- 
monoclimacis,  Pol.=Polonograptus,  Pp.=Parapetalolithus,  Pstn.  Pseudo- 
monoclimacis,  Ra.=Rastrites,  S.=Saetograptus,  Sp.=Spirograptus,  St.=Stimulo- 
graptus,  Sto.=Stomatograptus,  Te.-Testograptus,  To.=Torquigraptus, 
U.=Uncinatograptus. 
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Th  e  first  step  in  compiling  the  composite  range  data  for 
Silurian  graptoloids  was  to  establish  a  correlation 
between  the  zonations  of  each  of  the  regions  and  the  gen¬ 
eralized,  global  zonation  of  Koren'  et  al.  (1996)  (Figures  2 


and  3).  The  general  principle  employed  in  most  cases  was 
that  the  base  of  each  zone  was  recognized  in  each  region 
by  the  first  appearance  of  the  eponymous  taxon.  In  those 
cases  where  the  eponymous  taxon  was  missing  in  a  par¬ 
ticular  region,  a  temporally  associated  assemblage  of  taxa 
was  used.  Among  the  four  regions  (Britain,  Bohemia, 
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FIGURE  3 — Late  Silurian  zonation  of  the  main  study  regions:  Generalized  zonation  of  Koren'  et  al.  (1996),  British  zonation  of  Rickards  (1976), 
Bohemian  zones  of  Storch  (1995a,  1995b),  Polish  zones  of  Teller  (1964,  1969)  and  Urbanek  (1966,  1970,  In  press),  central  Asia  and  Kazakhstan 
zonates  of  Koren'  (1989, 1992, 1994),  Koren'  and  Lytochkin  (1992),  Koren'  and  Sujarkova  (In  press),  and  Pickering  et  al.  (In  press).  Abbreviations 
as  Figure  2. 


Bornholm  and  Poland,  and  Arctic  Canada  for  the  Llan- 
dovery-Wenlock;  Britain,  Poland,  Bohemia,  and  central 
Asia  and  Kazakhstan  for  the  Ludlow-Pridoli),  most  of 
the  zones  could  be  correlated  at  the  precision  of  a  lower 
and  upper  subzone. 

The  basal  Silurian  Parnkidograptus  acuminatus  Zone, 
which  is  effectively  a  composite  of  the  Akidograptus 
ascensus  and  P.  acuminatus  Zones,  is  marked  by  the  lowest 
local  appearance  of  A.  ascensus  in  all  of  the  studied 
regions  except  Arctic  Canada  and  central  Asia.  In  these 
areas,  the  base  of  the  Silurian  is  identified  by  the  appear¬ 
ance  of  Nortnalograptus  madernii  and/ or  N.  lubricus,  which 
are  only  known  to  occur  elsewhere  in  association  with  A. 
ascensus  (Melchin  et  al.,  1991;  MJM  and  TNK,  unpub¬ 
lished  data,  1996).  The  upper  half  of  the  P.  acuminatus 
Zone  is  recognized  by  either  the  lowest  occurrence  or  the 
acme  of  P.  acuminatus. 

The  base  of  the  Cystograptus  vesiculosus  Zone  is  a 
matter  of  some  difficulty.  In  Bornholm  and  Bohemia,  the 
ranges  of  C.  vesiculosus  and  species  of  Atavograptus  and 
Huttagraptus  do  not  overlap  that  of  Parnkidograptus 
acuminatus.  In  Arctic  Canada,  C.  vesiculosus  has  not  been 


reported,  and  the  base  of  the  C.  vesiculosus  Zone  is  indi¬ 
cated  by  the  appearance  of  Atavograptus  atavus.  However, 
in  Britain,  particularly  at  Dob's  Linn  (Toghill,  1968),  the 
ranges  of  P.  acuminatus  and  C.  vesiculosus  are  reported  to 
overlap  considerably.  It  is  not  clear  whether  this  is  the  re¬ 
sult  of  the  later  occurrence  of  P.  acuminatus  or  the  earlier 
appearance  of  C.  vesiculosus  in  that  region  relative  to  oth¬ 
ers.  However,  examination  of  recently  collected  speci¬ 
mens  of  Cystograptus  from  the  P.  acuminatus  Zone  of 
Dob's  Linn  (MJM  and  PS,  unpublished  data,  1996)  sug¬ 
gests  that  most  of  those  forms  are  actually  Cystograptus 
ancestralis  rather  than  C.  vesiculosus.  With  the  high  degree 
of  deformation  typical  of  the  Dob's  Linn  specimens,  the 
two  taxa  may  be  easily  mistaken,  and  Toghill's  (1968) 
work  at  Dob's  Linn  was  done  before  C.  ancestralis  was 
described  as  a  distinct  species.  Hutt  (1974-1975)  also  il¬ 
lustrated  a  specimen  of  C.  vesiculosus  from  the  P. 
acuminatus  Zone  of  the  English  Lake  District  that  shows 
the  relatively  narrow  width,  closer  thecal  spacing, 
shorted  sicula,  long  thl1,  and  slender  virgula  characteris¬ 
tic  of  C.  ancestralis  (Storch,  1985).  Only  the  highest  levels 
of  co-occurrence  of  P.  acuminatus  and  Cystograptus  at 
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Dob's  Linn  contain  C.  vesiculosus,  with  an  otherwise  gen¬ 
eralized  early  Rhuddanian  fauna.  This  same  pattern  was 
noted  by  Storch  (1996)  in  peri-Gondwanan  Europe. 
Therefore,  for  this  study,  the  base  of  the  C.  vesiculosus 
Zone  is  considered  to  be  marked  by  the  lowest  appear¬ 
ance  of  C.  vesiculosus,  and  P.  acuminatus  is  regarded  as 
persisting  into  the  lowest  part  of  that  zone.  Most  other 
taxa  usually  regarded  as  being  restricted  to  the  P. 
acuminatus  Zone  have  not  been  observed  to  extend  into 
this  interval  of  overlap  between  P.  acuminatus  and  C. 
vesiculosus.  The  upper  half  of  the  C.  vesiculosus  Zone  is  in¬ 
dicated  by  the  first  appearance  of  "Lagarograptus" 
acinaces. 

The  base  of  the  Coronograptus  cyphus  Zone  is  de¬ 
fined  by  the  lowest  appearance  of  the  eponymous  spe¬ 
cies.  This  zone  encompasses  the  "Lagarograptus"  acinaces 
and  Coronograptus  cyphus  Zones  of  Rickards  (1976)  and 
the  Monograptus  revolutus  Zone  in  Bornholm  (Bjerreskov, 
1975).  In  the  different  study  regions,  the  upper  half  of  the 

C.  cyphus  Zone  is  marked  by  the  appearance  of  somewhat 
different  taxa,  but  in  all  cases,  it  shows  a  marked  increase 
in  diversity. 

The  base  of  the  Aeronian  Demirastrites  triangulatus- 

D.  pectinatus  Zone  is  marked  by  another  sharp  increase  in 
diversity  and  the  lowest  appearance  of  triangulate 
monograptids  and  species  of  Petalolithus.  The  upper  half 
of  this  zone  is  marked  by  the  appearance  of  Neodiplo- 
graptus  magnns,  N.  thuringiacus,  and  Pseudorthograptus 
insectiformis.  The  base  of  the  Monograptus  argenteus  Zone 
in  Britain  [-Pribylograptus  leptotheca  Zone  of  Rickards 
(1976)]  can  be  identified  by  the  lowest  appearance  of  the 
eponymous  species,  as  well  as  by  Monograptus  limatulus 
and  M.  lobiferus,  which  commonly  have  their  lowest 
occurrence  together  with  M.  argenteus.  Based  on  the  low¬ 
est  occurrences  of  M.  limatulus  and  M.  lobiferus,  it  appears 
that  the  base  of  the  M.  argenteus  Zone  occurs  within  the 
Demirastrites  simulans  Zone  of  Storch  (Storch,  1994a). 

New  biostratigraphic  data  from  Arctic  Canada  per¬ 
mit  a  finer  subdivision  of  the  lower  Aeronian  than  was 
possible  at  the  time  of  publication  of  Melchin's  (1989)  re¬ 
port.  The  Campograptus  curtus  Zone  can  now  be  subdi¬ 
vided  into  three  subzones  that  can  be  correlated  directly 
with  the  lower  and  upper  Demirastrites  triangulatus-D. 
pectinatus  and  Monograptus  argenteus  Zones,  respectively, 
based  on  lowest  appearances  of  some  of  the  taxa  listed 
above.  Based  on  the  data  available  from  the  four  regions, 
it  was  not  possible  to  subdivide  the  M.  argenteus  Zone  re¬ 
liably  into  lower  and  upper  subzones. 

In  all  study  regions,  the  base  of  the  Demirastrites 
convolutus  Zone  can  be  defined  by  the  lowest  occurrence 
of  D.  convolutus,  as  well  as  by  assemblages  of  other  taxa. 
An  upper  subzone  can  be  clearly  distinguished  in  each  of 
the  regions  except  the  British  Isles,  but  the  base  of  this 


subzone  is  marked  by  the  lowest  occurrences  of  different 
taxa  in  each  of  the  other  areas. 

In  most  regions,  the  lowest  occurrence  of  Stimulo- 
graptus  sedgioickii  does  not  overlap  the  range  of  Demi¬ 
rastrites  convolutus  and  many  of  its  associates.  In  the 
English  Lake  District  (Hutt,  1974-1975),  however,  D. 
convolutus  and  S.  sedgioickii  co-occur  at  two  localities. 
These  occurrences  must,  by  the  definition  used  herein,  be 
assigned  to  the  lower  S.  sedgioickii  Zone,  and  the  ranges  of 
the  typical  D.  convolutus  Zone  forms  found  at  those  locali¬ 
ties  must  be  extended  accordingly  upward.  Demirastrites 
convolutus  and  S.  sedgioickii  have  also  been  observed  to 
co-occur  in  the  Polar  Urals  (TNK,  unpublished  data, 
1996).  This  has  had  the  result  of  shifting  the  peak  of  the 
upper  D.  convolutus  Zone  extinction  event  (Storch,  1995a) 
into  the  overlying  S.  sedgioickii  Zone.  This  discrepancy 
may  well  be  due  to  diachroneity  in  the  timing  of  the  low¬ 
est  appearance  of  S.  sedgioickii,  rather  than  in  the  timing 
of  the  extinctions. 

In  Wales  and  southern  Scotland,  the  interval 
between  the  top  of  the  Demirastrites  convolutus  Zone  and 
the  base  of  the  Telychian  Spirograptus  guerichi  Zone  can  be 
divided  into  the  Stimulograptus  sedgioickii  and  Stimulo- 
graptus  halli  Zones,  and  these  are  regarded  as  comprising 
the  lower  and  upper  subzones  of  the  S.  sedgioickii  Zone, 
respectively,  of  the  generalized  zonation  (Figure  2).  The  S. 
sedgioickii  Zone  cannot  be  recognized  in  Arctic  Canada  or 
Bornholm,  although  the  Cephalograptus  cometa  Band  of 
the  latter  region  may  be  at  least  partly  correlative  with 
the  lower  S.  sedgioickii  Zone.  In  Bohemia,  only  the  lower 
S.  sedgioickii  Zone  is  clearly  distinguishable,  whereas  the 
upper  part  of  this  zone  is  incomplete  and  is  separated 
from  the  lower  S.  guerichi  Zone  by  non-graptolitic  beds 
deposited  under  well-oxygenated  conditions. 

The  base  of  the  Spirograptus  guerichi  Zone  is  marked 
by  the  lowest  appearance  of  the  eponymous  species, 
which  is  synonymous  with  Monograptus  turriculatus  mi¬ 
nor  ( sensu  Melchin  [1989]  and  many  earlier  authors).  The 
lowest  specimens  of  S.  turriculatus  reported  in  Bornholm 
may  be  assignable  to  S.  guerichi  as  well,  although  the  S. 
turricidatus  Zone  in  Bornholm  is  of  low  diversity  and  can¬ 
not  be  readily  subdivided.  The  upper  S.  guerichi  Zone  can 
be  only  be  identified  by  the  appearance  of  regionally  sig¬ 
nificant  taxa  in  each  of  the  four  study  areas. 

The  lower  part  of  the  Spirograptus  turriculatus- 
Monograptus  crispus  Zone  is  defined  by  the  first  oc¬ 
currence  of  S.  turricidatus,  and  the  upper  half  by  the 
appearance  of  M.  crispus.  Similarly,  the  lower  and  upper 
parts  of  the  Monoclimacis  griestoniensis-M.  crenulata  Zone 
are  marked  by  the  appearances  of  M.  griestoniensis  and 
M.  crenulata,  respectively. 

The  Oktavites  spiralis  Zone  is  defined  by  the  appear¬ 
ance  of  O.  spiralis  in  Wales  and  Bornholm  and  the  acme  of 
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that  species  in  Bohemia.  This  biostratigraphic  interval 
and  the  overlying  zone  were  not  recognized  in  the  rest  of 
the  British  Isles  by  Rickards  (1976),  although  the  range  of 
O.  spiralis  was  reported  to  extend  into  several  underlying 
zones,  as  is  the  case  in  Arctic  Canada.  The  co-occurrence 
of  O.  spiralis  with  an  assemblage  that  is  otherwise  typical 
of  the  Spirograptus  turriculatus-Monograptus  crispus  and 
Monoclimacis  griestoniensis-M.  crenulata  Zones  (Rickards, 
1976;  Lenz,  1982;  Melchin,  1989)  suggests  that  the  range 
of  O.  spiralis  is  more  restricted  in  Wales,  Bornholm,  and 
Bohemia  than  in  other  parts  of  the  British  Isles  and  north¬ 
ern  Canada.  The  lower,  middle,  and  upper  subzones  of 
the  Monoclimacis  griestoniensis  Zone  of  Arctic  Canada 
coincide  approximately  with  the  lower  and  upper  M. 
griestoniensis-M.  crenulata  and  O.  spiralis  Zones,  respec¬ 
tively,  based  on  the  ranges  of  taxa  in  the  Arctic  sections 
that  also  occur  elsewhere. 

The  base  of  the  Cyrtograptus  lapivorthi-C.  insectus 
Zone  is  marked  by  the  appearance  of  species  of  Cyrto¬ 
graptus,  especially  C.  lapworthi  subspp.,  although  in  some 
Canadian  Arctic  sections,  C.  polyrameus  or  C.  Solaris 
appear  slightly  below  the  eponymous  species.  A  distinct 
Cyrtograptus  insectus  Zone  has  hitherto  only  been  docu¬ 
mented  in  Bohemia  and  Wales,  not  in  Baltica  or  Arctic 
Canada,  although  its  recent  recognition  in  Spain  (P§,  un¬ 
published  data,  1996)  suggests  that  it  may  be  distinguish¬ 
able  throughout  much  of  peri-Gondwanan  Europe.  In 
addition,  recent,  detailed  recollecting  of  the  type  section 
of  the  Cape  Phillips  Formation  in  Arctic  Canada  by  MJM 
and  TNK  (unpublished  data,  1996)  has  revealed  a  strati¬ 
graphic  interval  with  C.  insectus  below  the  lowest  appear¬ 
ance  of  C.  centrifugus,  the  eponymous  species  of  the 
overlying  zone  and  index  to  the  base  of  the  Wenlock 
Series.  Besides  C.  insectus,  this  interval  contains  a  depau¬ 
perate  fauna  otherwise  typical  of  the  lower  C.  centrifugus- 
C.  insectus  Zone  as  described  by  Lenz  and  Melchin  (1991). 
This  fauna  can  tentatively  be  used  to  distinguish  a  C. 
insectus  Zone  in  Arctic  Canada.  In  addition,  several  new 
occurrences  of  species  of  Cyrtograptus  were  found  in  the 
uppermost  C.  sakmaricus  Zone  (=  upper  part  of  lower  C. 
lapworthi-C.  insectus  Zone).  These  include  C.  lacjueus,  C. 
malgusaricus,  C.  n.  sp.  aff.  C.  bohemicus  ( -C .  sp.  aff.  C.  mur- 
chisoni  bohemicus ?  of  Lenz,  1978)  and  C.  falcatus.  The  last 
of  these  is  now  known  to  span  the  interval  from  the  up¬ 
permost  C.  sakmaricus  through  C.  centrifugus  Zones. 

In  the  British  Isles  and  Bohemia,  distinct  Cyrto¬ 
graptus  centrifugus,  C.  murchisoni,  Monograptus  riccarto- 
nensis,  M.  belophorus,  C.  rigidus,  C.  perneri, and  C.  lundgreni 
zones  can  be  recognized  based  on  the  eponymous  taxa, 
although  the  regional  zonations  through  this  interval 
(Figure  2)  are  often  based  on  other  locally  common 
species.  In  Poland,  all  of  these  but  the  M.  belophorus  inter¬ 


val  can  be  distinguished.  In  Arctic  Canada,  Cyrtograptus 
murchisoni,  although  previously  unreported,  has  recently 
been  found  (A.C.  Lenz,  personal  commun.,  1997).  The 
Monograptus  instrenuus-C.  kolobus  Zone  appears  to  en¬ 
compass  the  M.  riccartonensis-M.  belophorus  and  C.  rigidus 
intervals  of  the  generalized  zonation.  An  upper  C. 
lundgreni  Zone  can  be  recognized  in  each  of  the  regions, 
but  the  nature  of  the  faunal  changes  that  distinguish  this 
level  are  somewhat  different  in  each  region. 

The  upper  Homerian  faunas  of  Britain  and  Poland 
are  relatively  depauperate  and  difficult  to  subdivide.  The 
Arctic  Canadian  and  Bohemian  successions  can,  however, 
be  subdivided  based  on  the  occurrences  of  " Monograptus " 
praedeubeli,  "M."  deubeli,  and  "M".  ludensis.  The  most  de¬ 
tailed  biostratigraphic  subdivision  of  this  interval  has  been 
achieved  in  south  Kirghizstan  (Koren',  1992,  1994). 

The  basal  Ludlow  Neodiversograptus  nilssoni  Zone  is 
readily  recognized  by  the  first  appearance  of  the  epony¬ 
mous  species,  as  well  as  Colonograptus  colonus  and 
Bohemograptus  bohemicus.  The  upper  half  of  this  zone  is 
marked,  in  most  areas,  by  the  appearance  of  Lobograptus 
progenitor,  although  in  Arctic  Canada  this  species  occurs 
immediately  above  uppermost  Homerian  faunas  (A.C. 
Lenz,  personal  commun.,  1997).  The  base  of  the  Lobo¬ 
graptus  scanicus  Zone  can  be  distinguished  by  the  lowest 
occurrence  of  Lobograptus  scanicus,  but  the  upper  half  of 
this  zone  is  marked  by  different  species  in  different  re¬ 
gions.  The  lowest  appearances  of  Saetograptus  lein- 
twardinensis  and  S.  linearis  mark  the  base  of  the  S. 
leintwardinensis  Zone.  The  upper  half  of  that  zone  can  be 
recognized  by  the  lowest  occurrences  of  Neolobograptus 
auriculatus  in  central  Asia  and  Poland  and  Pristiograptus 
longus  in  Bohemia.  Neither  this  interval,  nor  any  of  the 
higher  Silurian  graptolite  zones  used  here,  can  be  confi¬ 
dently  recognized  in  Britain  (Rickards,  1976;  Figure  3). 

The  base  of  the  Bohemograptus  bohemicus  tenuis- 
Neocucullograptus  kozlowskii  Zone  is  commonly  marked 
by  an  acme  of  B.  bohemicus  tenuis,  although  in  central 
Asia  it  is  more  reliably  identified  by  the  lowest  appear¬ 
ance  of  Bohemograptus  cornutns  and  Polonograptus 
podoliensis.  The  upper  half  of  this  zone  is  distinguished 
by  the  appearance  of  N.  kozloxuskii  and  Monograptus 
abhorrens.  The  lower  and  upper  halves  of  the  interval 
encompassed  by  the  M.  ( Pormosograptus )  formosus  Zone 
are  quite  variable  between  the  study  regions  in  terms  of 
the  order  of  appearance  of  the  key  taxa  (i.e.,  M.  (F.) 
formosus,  M.  latilobus,  M.  ( Uncinatograptus )  spineus,  M. 
(If.)  acer,  and  Pristiograptus  fragmeirtalis),  and  this  makes 
precise  inter-regional  correlation  particularly  difficult  in 
this  interval. 

The  lower  and  upper  halves  of  the  Pseudomono- 
climacis  parultimus-P.  ultimus  and  Monograptus  branikensis- 
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M.  lochkovensis  Zones  can  be  recognized  by  the  lowest 
occurrences  of  each  of  the  four  eponymous  taxa,  respec¬ 
tively,  although  the  range  of  overlap  of  M.  branikensis  and 
M.  lochkovensis  seems  to  be  greater  in  Bohemia  than  in 
Poland.  The  base  of  the  Monograptus  bouceki-M.  trans- 
grediens  Zone  is  marked  by  the  lowest  appearance  of  M. 
bouceki,  and  the  upper  half  of  the  zone  is  commonly  rec¬ 
ognized  by  the  acme  of  M.  transgrediens,  although  the  ap¬ 
pearance  of  M.  perneri  subspp.  is  used  to  define  it  herein. 

Diversity  Trends 


In  order  to  maintain  consistency  in  calculation  of  taxo¬ 
nomic  numbers  in  each  zonal  interval,  the  following 
guidelines  were  employed:  1)  Each  species  and  named 
subspecies  was  recognized  as  a  separate  taxon;  2)  No  at¬ 
tempts  were  made  to  synonymize  different  taxa  between 
regions,  except  in  well-known  cases  (e.g.,  Monograptus 
discus=M.  veles);  3)  Taxa  reported  in  the  original  sources 
in  open  nomenclature  (i.e.,  identified  with  cf.,  aff.,  ?,  or 
sp.)  were  not  included  in  the  counts  or  ranges,  except  in 
those  cases  where  the  taxa  were  specifically  identified  as 
new  (undescribed)  species  or  subspecies;  4)  Owing  to  the 
difficulty  in  relating  zonal  intervals  to  specific  temporal 
durations,  no  attempt  was  made  to  normalize  the  diver¬ 
sity  data  for  the  time  length  of  each  zone  or  subzone. 
Whereas  this  is  likely  to  have  an  impact  on  many  of  the 
smaller-scale  fluctuations  seen  in  the  diversity  and 
survivorship  curves,  we  do  not  believe  that  this  factor 
would  be  significant  enough  to  influence  the  major 
trends  and  events  discussed  below. 

The  available  data,  compiled  from  the  most  up-to- 
date  data  available  from  diverse  regions  of  the  Silurian 
world,  show  that  the  overall  pattern  of  graptoloid  diver¬ 
sity  matches  the  one  known  since  the  1960s  and  1970s. 
This  pattern  includes  a  dramatic  radiation  of  taxa  in  the 
Rhuddanian  (beginning  in  the  Hirnantian)  to  a  diversity 
peak  in  the  early  Aeronian  and  an  overall  decline  from 
the  early  Telychian  through  the  rest  of  the  Silurian,  with 
lowest  diversity  in  the  late  Homerian  and  early  Pridoli 
(Figure  4).  In  detail,  however,  this  curve  shows  some 
features  not  revealed  by  previous  analyses.  The  Hir- 
nantian-early  Aeronian  radiation  event  occurs  in  two 
marked  phases  of  diversity  increase.  The  first  (not 
shown  in  Figure  4)  is  the  rise  from  three  or  four  taxa  that 
have  been  shown  to  survive  the  end-Rawtheyan  (Late 
Ordovician)  extinction  event  (Melchin  and  Mitchell, 
1991)  to  38  taxa  now  known  in  the  lower  Parakidograptus 
acuminatus  Zone.  This  phase  is  truncated  by  the  late  P. 
acnminatns  Event,  but  the  diversification  quickly  re¬ 
sumes  to  reach  a  peak  of  83  taxa  now  recorded  from  the 


study  regions  in  the  lower  Demirastrites  triangulatus-D. 
pectinatus  Zone. 

The  diversity  high  of  the  early  Aeronian  of  75-83 
taxa  per  subzone,  with  the  exception  of  a  conspicuous 
drop  in  the  Stimulograptus  sedgzvickii  Zone  (the  early  S. 
sedgivickii  Event),  is  maintained  through  the  early 
Telychian  Spirograptus  guerichi  Zone.  The  high  numbers 
of  taxa  now  known  in  the  Demirastrites  convolutus  and  S. 
guerichi  Zones  are  the  result  of  recent  comprehensive 
studies  in  Bohemia  (Storch,  1994a)  and  Wales  (Loydell, 
1992, 1993).  The  fact  that  the  Llandovery  diversity  peak  is 
reached  in  different  zones  in  different  regions  is  a  reflec¬ 
tion  of  different  ecological  conditions  in  the  various 
basins  and  their  changes  through  the  Aeronian  and  early 
Telychian. 

Newly  available  data  from  Wales  (Loydell  and 
Cave,  1996)  and  Bohemia  (Storch,  1994b)  also  permit  a 
much  improved  correlation  of  the  Llandovery-Wenlock 
boundary  interval,  particularly  between  Arctic  Canada 
and  Europe,  than  was  possible  at  the  time  of  publication 
of  Melchin's  (1994)  report.  This  interval  is  still  a  time  of 
overall  diversity  decline,  but  the  small  diversity  peak  of 
the  Cyrtograptus  lapivorthi  Zone,  the  low  point  in  the  C. 
insectus  Zone,  and  the  subsequent  rise  and  fall  through 
the  C.  centrifugus-C.  murchisoni  and  Monograptus  riccarto- 
nensis-M.  belophorus  Zones  are  features  not  noted  by 
Melchin  (1994)  or  Kaljo  et  al.  (1995).  These  patterns  are 
much  closer  to  those  reported  by  Storch  (1995a),  although 
in  that  study  the  low  point  in  diversity  through  this  inter¬ 
val  is  in  the  Stomatograptus  grandis  (=upper  C.  lapivorthi) 
Zone.  This  is  the  result  of  a  very  depauperate  S.  grandis 
Zone  fauna  in  Bohemia.  The  pattern  for  the  remainder  of 
the  Wenlock  is  the  familiar  one  reported  by  Kaljo  et  al. 
(1995)  and  Storch  (1995a)  of  a  gradual  increase  in  diver¬ 
sity  through  the  Cyrtograptus  lundgreni  Zone,  a  very  pro¬ 
nounced  extinction  event,  and  erratic  recovery  through 
the  rest  of  the  Homerian.  The  apparent  magnitude  of  the 
diversity  drop  in  the  Pristiograptus  parvus-Gothograptus 
nassa  Zone  is  somewhat  weakened  by  recent  findings  of 
several  plectograpine  species  that  span  this  interval  (e.g., 
Lenz,  1993a,  1995;  TNK,  unpublished  data,  1996)  with  a 
very  few  species  of  Pristiograptus.  Otherwise,  the  late  C. 
lundgreni  Event  is  as  severe  as  has  been  previously  de¬ 
scribed  (see  below). 

For  the  Upper  Silurian,  the  diversity  pattern 
matches  well  with  the  one  described  by  Kaljo  et  al.  (1995), 
with  a  large  diversity  drop  in  the  upper  Ludlow 
Monograptus  ( Formosograptus )  formosus  Zone.  The  small 
diversity  peak  seen  in  the  upper  Pridoli  Monograptus 
bouceki-M.  transgrediens  Zone  is  largely  the  result  of  un¬ 
usually  diverse  faunas  of  this  age  in  Kazakhstan  (Koren', 
1989). 
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Global  Extinction  Events 


In  order  to  distinguish  events  that  represent  significant 
episodes  of  extinction  from  background  extinction  rates, 
some  criteria  must  be  employed  to  make  the  distinction. 
Storch  (1996)  regarded  a  survivorship  of  less  than  50%  as 
a  reasonable  cutoff  point.  This  level  was  difficult  to 
employ  in  this  study  because  seven  levels  showed  sur¬ 
vivorship  rates  between  48%  and  53%,  and  it  seemed 
unreasonable  to  divide  these  arbitrarily  into  events  and 
"non-events"  based  on  a  difference  of  l%-5% 
survivorship. 

Survivorship  and  diversity  data  were  collected 
from  50  distinct  levels  through  the  Silurian  in  the  se¬ 
lected  study  regions.  From  these,  the  mean  survivorship 
rate  was  found  to  be  63.0%  of  taxa  surviving  from  one 
subzone  to  the  next.  The  standard  deviation  was  17.4%. 
Those  events  with  survivorship  rates  that  fall  below  the 
standard  deviation  from  the  mean  (45.6%)  can  be  re¬ 
garded  as  having  extinction  rates  above  normal,  and  can 
be  considered  significant  extinction  events.  There  is  a 
gap  in  the  distribution  of  survivorship  rates,  with  eight 
intervals  showing  rates  of  41%  or  lower  and  the  remain¬ 
der  with  rates  of  48%  or  higher  (Figure  4).  These  eight 
events  are  here  considered  to  be  the  globally  significant 
graptoloid  extinctions  of  the  Silurian,  although  two 
other  events  of  lesser  magnitude  are  also  discussed 
below. 

The  graptoloid  extinction  events  of  the  Silurian  are, 
in  order  of  decreasing  magnitude:  the  Monograptus 
transgrediens  Event  (21%  survivorship,  11  of  14  taxa  ex¬ 
tinct),  the  Neocucullograptus  kozloivskii  (-Polonograptus 
podoliensis)  Event  (30%  survivorship,  14  of  20  taxa  ex¬ 
tinct),  the  late  Cyrtograptus  lundgreni  Event  (31% 
survivorship,  20  of  29  taxa  extinct),  the  late  Parakido- 
graptus  acuminatus  Event  (35%  survivorship,  20  of  31  taxa 
extinct),  the  Cyrtograptus  murchisoni  Event  (36%  survivor¬ 
ship,  21  of  33  taxa  extinct),  the  Monograptus  ( Uncinato - 
graptus)  spineus  (=late  M.  ( Formosograptus )  formosus) 
Event  (36%  survivorship,  7  of  11  taxa  extinct),  the  Cyrto¬ 
graptus  lapiuorthi  Event  (38%  survivorship,  32  of  52  taxa 


FIGURE  4 — (opposite)  Diversity  (in  number  of  taxa)  and  survivorship 
(percentage  of  taxa  surviving  from  one  zone  or  subzone  to  the  next) 
plotted  against  global  graptolite  zonation  of  Koren'  et  al.  (1996)  and 
eustatic  change  in  units  of  benthic  assemblages  0-6  (Johnson,  1996). 
Data  on  diversity  and  survivorship  derived  mainly  from  sources  for 
Figures  2  and  3  and  supplemented  by  sources  in  text  and  authors' 
unpublished  data.  Asterisks  show  main  graptolite  extinction  events; 
crosses  are  events  of  lesser  or  regional  significance  discussed  in  the  text. 
Abbreviations  as  in  Figure  2. 


extinct),  and  the  early  Stimulograptus  sedgzoickii  Event 
(41%  survivorship,  39  of  66  taxa  extinct).  Events  of  lesser 
or  regional  significance  include  the  Stimulograptus  utilis 
( =Spirograptus  turriculatus)  Event  (48%  survivorship,  33 
of  67  taxa)  and  the  late  Saetograptus  leintwardinensis  Event 
(48%  survivorship,  12  of  25  taxa  extinct). 

The  extinctions  of  the  Demirastrites  convolutus  Event 
described  by  Storch  (1995a)  appear  in  this  report  as  early 
Stimulograptus  sedgzoickii  extinctions,  because  of  the 
greater  overlap  of  some  D.  convolutus  and  S.  sedgzoickii 
Zone  taxa  and  the  higher  overall  diversity  of  the  lower  S. 
sedgzoickii  Zone  fauna  in  Britain  as  compared  with 
Bohemia.  The  Stimulograptus  utilis  Event  of  Loydell 
(1994)  and  Storch  (1995a),  which  spans  the  Spirograptus 
guerichi-S.  turriculatus  zonal  boundary,  is  partly  blurred 
in  this  study  by  the  'lower  biostratigraphic  resolution 
used  herein,  as  compared  with  the  reports  cited  above, 
and  appears  as  an  event  at  the  end  of  the  S.  turriculatus 
Chron.  It  is  also  weakened  by  the  much  higher  rates  of 
survivorship  seen  through  this  interval  in  Arctic  Canada. 
The  extinctions  of  the  Oktavites  spiralis  Event  of  Storch 
(1995a)  and  the  Llandovery-Wenlock  boundary  Event  re¬ 
ported  by  Melchin  (1994)  appear  to  be  the  same  event  re¬ 
corded  herein  in  the  Cyrtograptus  lapworthi  Zone.  This  is 
partly  the  result  of  the  recognition  that  the  top  of  the 
Cyrtograptus  sakmaricus  Zone  of  Melchin  (1989, 1994)  does 
not  coincide  with  the  Llandovery-Wenlock  boundary 
(see  discussion  above).  In  addition  in  Bohemia,  the  top  of 
the  O.  spiralis  Zone  overlaps  the  lower  C.  lapworthi  (=C. 
sakmaricus)  Zone  of  other  regions,  and  the  overlying 
Stomatograptus  grandis  Zone  has  an  unusually  depauper¬ 
ate  fauna  as  compared  with  Britain  and,  especially,  Arctic 
Canada. 

Late  PARAKIDOGRAPTUS  ACUMINATUS  Event. — It  is  re¬ 
markable  that  this  event,  which  is  second-highest  in  per¬ 
centage  magnitude  of  all  the  Early  Silurian  extinction 
events  and  discernible  in  all  four  study  regions,  has  been 
hitherto  completely  unrecognized.  There  seem  to  be  two 
reasons  for  this.  First,  it  is  only  very  recently  that  the  rela¬ 
tively  diverse  P.  acuminatus  and  Cystograptus  vesiculosus 
Zone  faunas  of  Bohemia  (Storch,  1994a),  Bornholm 
(Koren'  and  Bjerreskov,  in  press),  and  Arctic  Canada 
(Melchin  et  al.,  1991;  MJM,  unpublished  data,  1996)  have 
been  fully  documented.  Second,  the  high  rate  of  extinc¬ 
tion  in  the  late  P.  acuminatus  Chron  is  not  manifested  by 
low  diversity  in  the  overlying  lower  C.  vesiculosus  Zone 
because  of  high  speciation  rates  throughout  this  interval. 
These  high  speciation  rates  may  result  from  the  fact  that 
this  event  took  place  within  the  background  of  the  more 
profound  Rhuddanian  radiation  event  that  followed  the 
Late  Ordovician  extinction.  Because  extinction  events 


Global  Diversity  and  Survivorship  Patterns  of  Silurian  Graptoloids 


173 


have  been  traditionally  recognized  by  episodes  of  low  di¬ 
versity  rather  than  by  plots  of  extinction  or  survivorship 
rates,  it  is  not  surprising  that  this  event  went  unnoticed. 

Akidograptus,  Parakidograptus,  and  Hirsutograptus 
become  extinct  at  or  near  the  Parakidograptus  acuminatus- 
Cystograptus  vesiculosus  zonal  boundary,  along  with  spe¬ 
cies  of  Normalograptus,  Neodiplograptus,  Cystograptus,  and 
Atavograptus.  The  subsequent  radiation  includes  a  dra¬ 
matic  diversification,  particularly  in  monograptid  and 
dimorphograptid  taxa. 

The  late  Parakidograptus  acuminatus  Event  is  not 
linked  with  any  known  episodes  of  major,  global  sea- 
level  change,  but  it  seems  to  be  in  the  middle  of  the  over¬ 
all  Rhuddanian  transgression.  However,  the  global  sea- 
level  curve  (Johnson,  1996)  is  based  on  cratonic  succes¬ 
sions.  The  ocurrence  and  dating  of  early  Rhuddanian 
strata  in  most  cratonic  regions  is  very  poor,  and  a  late  P. 
acuminatus  Chron  regression  could  well  be  unrecogniz¬ 
able  or  indistinguishable  from  the  Hirnantian  regression 
at  many  shallow-shelf  localities.  Facies  changes  from 
graptolitic  shales  to  sandy-silty  laminites  have  been  ob¬ 
served  in  Bohemia  (Storch,  1986),  the  Yangtze  Platform  of 
China,  and  the  Carnic  Alps  (P§,  unpublished  data,  1990, 
1995).  In  the  southern  part  of  the  Cape  Phillips  Basin  in 
Arctic  Canada,  which  was  a  distal-ramp  environment  in 
the  early  Rhuddanian  (Melchin,  1987,  1989),  the  grapto¬ 
litic,  calcareous  mudstones  of  the  Normalograptus  per- 
sculptus  and  P.  acuminatus  Zones  are  interrupted  by  an 
interval  of  massive  dolostones  at  the  P.  acuminatus- 
Atavograptus  atavus  zonal  boundary  (MJM,  unpublished 
data,  1992,  1996).  These  observations  suggest  that  wide¬ 
spread  changes  in  sea-level  and/or  oceanic  circulation 
may  have  occurred  at  this  time.  Grahn  and  Caputo  (1992) 
indicated  that  the  earliest  of  four  intervals  of  Silurian  gla¬ 
cial  sedimentation  documented  in  South  America  is  most 
likely  early  Llandovery  (Rhuddanian).  However,  impre¬ 
cision  in  the  dating  of  these  deposits  and  current  scarcity 
of  documented  evidence  for  regression  coincident  with 
the  late  P.  acuminatus  Event  make  a  link  between  the  gla¬ 
ciation  and  extinctions,  as  suggested  for  the  late  Ashgill 
and  later  Llandovery  events,  a  tenuous  one  at  best  for 
this  extinction  episode.  Recognition  of  this  event  and  its 
timing  should  lead  to  future  research  into  possible  physi¬ 
cal,  chemical  or  other  biotic  changes  that  might  be  associ¬ 
ated  with  it. 

Early  Stimulograptus  sedgwickii  Event.— The  early 
S.  sedgzvickii  Event,  unlike  the  late  Parakidograptus  acumin¬ 
atus  Event,  is  marked  by  high  extinction  rates  in  the 
upper  Demirastrites  convolutus  and  lower  S.  sedgwickii 
Zones  and  by  dramatically  reduced  diversity,  especially 
in  the  upper  S.  sedgzvickii  (=S.  halli)  Zone.  This  may  be,  to 


some  extent,  due  to  the  fact  that  in  the  four  study  regions 
the  S.  halli  Zone  is  only  recognized  in  Britain,  although  it 
is  most  likely  represented  in  the  uppermost  S.  sedgzvickii 
Zone  of  Bohemia  as  well.  Within  Britain,  however,  the  di¬ 
versity  of  the  S.  halli  Zone  is  significantly  lower  that  of 
the  preceding  S.  sedgzvickii  and  succeeding  Spirograptus 
guerichi  Zones  (Rickards,  1976;  Loydell,  1991, 1993),  and  it 
does  appear  to  be  an  interval  of  overall  low  diversity.  In 
addition,  the  lack  of  graptolite  occurrences  in  the  other 
study  regions  could  be  a  real  reflection  of  restricted  grap¬ 
tolite  distributions  and  diversity  in  this  time  interval. 

Storch  (1995a)  described  the  taxonomic  patterns  of 
this  extinction  and  subsequent  radiation,  and  these  pat¬ 
terns  generally  hold  elsewhere.  Many  early  and  middle 
Llandovery  lineages,  namely  pseudorthograptids  and 
normalograptids,  were  terminated;  specialized  mono- 
graptids  ( Campograptus ,  Coronograptus,  Rastrites,  Demi¬ 
rastrites)  were  severely  reduced,  and  some  disappeared. 
In  the  Stimulograptus  sedgzvickii  Zone  of  Bohemia,  Arctic 
Canada,  Bornholm,  Spain,  Poland,  areas  in  Scandinavia, 
and  some  parts  of  China  (Ni  Yunan,  personal  commun., 
1990),  better-oxygenated,  graptolite-free  beds  or  inter¬ 
beds  often  appear.  This  graptolite  crisis  corresponds  in 
time  with  the  significant  regression  suggested  by  Johnson 
(1996),  as  well  as  with  the  Sandvika  Event,  an  oceanic 
event  and  conodont  mass  extinction  recorded  by 
Jeppsson  (1990)  and  Aldridge  et  al.  (1993). 

Stimulograptus  utilis  (=Spirograptus  turriculatus) 
EVENT. — This  event  arid  its  taxonomic  patterns  of  extinc¬ 
tion  and  recovery  were  described  by  Loydell  (1994)  and 
Storch  (1995a),  and  the  event  was  also  recorded  from 
Spain  (Gutierrez-Marco  and  Storch,  In  press).  It  is  not  rec¬ 
ognized  as  a  significant  event  in  Arctic  Canada  (Melchin, 
1994)  or  Bornholm  (Bjerreskov,  1975),  and  this,  combined 
with  its  relatively  low  global  extinction  rate  (52%),  sug¬ 
gests  that  its  importance  is  more  regional  than  global  in 
nature.  Extinction  rates  were  found  to  be  highest  among 
taxa  with  restricted  geographic  distributions  (Loydell, 
1994). 

The  lowermost  Telychian  is  marked  by  a  large 
eustatic  rise  (Johnson,  1996),  accompanied  by  a  consider¬ 
able  radiation  among  graptolite  stocks.  The  radiation  ter¬ 
minated  during  the  succeeding  drop  in  sea-level  at  about 
the  top  of  the  Spirograptus  guerichi  Zone.  The  extinction 
event  was  first  described  by  Loydell  (1994)  from  the 
Stimulograptus  utilis  Subzone,  which  corresponds  with 
the  boundary  beds  between  the  S.  guerichi  and  S.  tur¬ 
riculatus  Zones.  Loydell  (1994)  explained  the  graptolite 
crisis  by  a  brief  glacio-eustatic  fall  related  to  the  second 
horizon  of  the  Silurian  glacio-marine  diamictites  in  Brazil 
(Grahn  and  Caputo,  1992).  In  Bohemia,  the  immediate 
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extinction  level  is  masked  by  a  widespread  oxygenated, 
graptolite-free  horizon  between  the  pre-extinction 
Rastrites  linnaei  Zone  and  post-extinction  S.  turriculatus 
Zone.  The  S.  utilis  Event  resulted  in  a  near  extinction  of 
biserial  graptolites,  with  the  exception  of  the  Retio- 
litidae  and  a  few  survivors  among  the  petalograptids, 
metaclimacograptids,  glyptograptids,  and  rastritids. 
Jeppsson  (1996)  considered  this  extinction  to  coincide 
with  an  unnamed  event  of  transition  between  oceanic 
states  ("Secundo"  to  "Primo"  episodes  -  see  discussion 
below). 

CYRTOGRAPTUS  LAPWORTHI  Event.— As  noted  above,  this 
event  has  been  described  by  Storch  (1995a)  as  the 
Oktavites  spiralis  Event  and  by  Melchin  (1994)  as  a 
Llandovery-Wenlock  boundary  event.  Improved  bio- 
stratigraphic  data  from  Arctic  Canada,  Wales,  and 
Bohemia  now  show  that  these  are  the  same  event,  and  it 
occurs  within  the  C.  lapworthi  Zone.  Both  Melchin  (1994) 
and  Storch  (1995a)  described  the  taxonomic  patterns  seen 
in  the  extinctions.  This  event  features  a  termination  of 
such  genera  as  Oktavites  and  Torquigraptus  and  near 
extinction  of  Streptograptus,  Diversograptus,  and  Cyrto- 
graptus.  The  new  Bohemian  and  Welsh  data  show  that  a 
somewhat  larger  number  of  taxa  span  this  event  than  was 
evident  in  Melchin's  (1994)  analysis.  In  addition,  it  is  now 
known  that  ten  species  of  Cyrtograptus  occur  in  the  C. 
lapzvorthi  Zone  among  the  four  regions,  with  nine  in  Arc¬ 
tic  Canada  and  only  C.  lapzvorthi  lapzvorthi  in  the  other 
study  areas.  Only  two  of  these  ten  cyrtograptid  taxa,  C. 
lapzvorthi  lapzvorthi  and  C.falcatus,  are  now  known  to  span 
the  C.  lapzvorthi-C.  insectus  zonal  boundary,  and  only  C. 
falcatus  and  C.  insectus  are  reported  to  survive  the 
Llandovery-Wenlock  boundary. 

As  noted  by  Melchin  (1994),  this  event  corresponds 
with  the  largest  eustatic  regression  of  the  entire  Silurian, 
as  identified  by  Johnson  (1996).  In  addition,  it  also  seems 
to  coincide,  at  least  approximately,  with  reported  wide¬ 
spread  glaciogenic  deposits  in  Brazil  (Grahn  and  Caputo, 
1992),  and  it  was  presumably  that  glaciation  which  was 
responsible  for  the  regression.  This  extinction  also 
matches  well  with  the  beginning  of  the  Ireviken  Oceanic 
Event  (Jeppsson  et  al.,  1995). 

Cyrtograptus  murchisoni  Event.— This  extinction, 
which  terminated  many  lineages  (e.g.,  Barrandeograptus, 
Mediograptus,  and  the  C.  murchisoni  group),  was  also  re¬ 
corded  by  Koren'  (1987),  Storch  (1995a),  and  Kaljo  et  al. 
(1995).  It  may  be  correlated  with  the  latest  phase  of  the 
Ireviken  Oceanic  Event  (Jeppsson  et  al.,  1995)  and  a  con- 
odont  extinction  analyzed  by  Jeppsson  (In  press).  Unlike 
preceding  events,  this  extinction  occurs  during  an  early 


Sheinwoodian  rise  in  sea-level  (Johnson,  1996),  and  is  not 
followed  by  a  strong  diversification  of  graptolites.  The 
low  rates  of  speciation  and  relatively  low  survivorship 
seen  in  this  event  and  in  the  lower  Monograptus  riccarto- 
nensis-M.  belophorus  Zone  result  in  very  low  overall  diver¬ 
sities  through  the  latter  zone. 

Late  Cyrtograptus  lundgreni  Event.— In  terms  of 
percentage  of  species  that  went  extinct,  termination  of 
lineages,  and  the  succeeding  low  diversity,  this  is  the 
most  severe  extinction  event  of  the  Early  Silurian.  Only 
the  plectograptines  and  species  of  the  Pristiograptus 
dubius  group  are  known  to  have  survived  the  C.  lundgreni 
to  Pristiograptus  parvus-Gothograptus  nassa  zonal  bound¬ 
ary,  although  species  of  Monograptus  that  appear  later  in 
the  Ludlow  may  represent  survivors  of  the  event  that  are 
unrepresented  in  any  known  successions  in  the  extinction 
interval  (i.e.,  "Lazarus  taxa").  As  noted  above,  this  event 
has  been  widely  studied  arid  characterized  around  the 
world  (e.g.,  Jaeger,  1991;  Koren',  1991b;  Lenz,  1993a; 
Urbanek,  1993;  Koren'  and  Urbanek,  1994;  Legrand,  1994; 
Storch,  1995a;  Gutierrez-Marco  et  al.,  1996).  It  occurred 
during  a  prolonged,  Homerian  eustatic  regressive  phase 
(Johnson,  1996).  The  graptolite  recovery  following  the 
late  C.  lundgreni  Event  led  to  the  evolution  of  new 
monograptids  of  the  " Monograptus "  ludensis  and 
Lobograptus ?  sherrardae  groups,  as  well  as  varied 
plectograptids.  However,  the  radiation  that  brought  new 
morphotypes  into  the  fauna  began  with  the  subsequent 
transgression  in  the  earliest  Ludlow  Neodiversograptus 
nilssoni  Chron  (Koren',  1992;  Koren'  and  Urbanek,  1994). 
This  extinction  episode  coincides  with  the  start  of  the 
Mulde  Event  of  Jeppsson  et  al.  (1995). 

Late  Saetograptus  leintwardinensis  Event.— Al¬ 
though  the  magnitude  of  this  event  seems  to  fall  within 
the  range  of  "normal"  extinction  rates,  it  was  described 
as  an  event  by  Koren'  (1993),  Urbanek  (1993,  1995),  and 
Kaljo  et  al.  (1995),  and  was  noted  by  Storch  (1995a).  It  co¬ 
incides  with  a  peak  eustatic  regression  (Johnson,  1996). 
This  event  terminated  the  plectograptines  and  a  number 
of  diverse  and  specialized  monograptid  lineages. 

Neocucullograptus  kozlowskii  (=Polonograptus 
PODOLIENSIS)  Event.— With  an  extinction  of  70%  of  the 
taxa  in  the  late  Bohemograptus  bohemicus  tenuis-Neocucullo- 
graptus  kozlozvskii  Chron,  this  event  has  the  second-high¬ 
est  extinction  rate  of  any  event  in  the  Silurian.  This  event 
has  been  well-characterized  by  Koren'  (1993),  Urbanek 
(1993,  1995),  Kaljo  et  al.  (1995),  and  STorch  (1995a).  Sev¬ 
eral  specialized  genera,  including  Neocucullograptus, 
Bohemograptus,  and  Polonograptus,  became  extinct,  along 
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with  other  forms.  This  event  was  shown  by  Johnson 
(1996)  to  correspond  to  the  penultimate  regressive  epi¬ 
sode  of  the  Silurian. 

Monograptus  (Uncinatograptus)  spineus  (late  M. 
(Formosograptus)  formosus  Event.— Koren'  (1993), 
Urbanek  (1993),  and  Kaljo  et  al.  (1995)  recorded  the  M. 
(U.)  spineus  Event  as  a  time  of  diversity  reduction.  This 
event  saw  the  termination  of  only  seven  species,  prima¬ 
rily  specialized  monograptids,  from  a  total  diversity  of 
eleven  species  known  within  this  subzone.  This  event 
does  not  correspond  with  a  known  eustatic  regression, 
but  occurs  within  the  latest  Ludlow-early  Pridoli  trans¬ 
gression  of  Johnson  (1996). 

Monograptus  transgrediens  Event.— The  last  grapto- 
lite  extinction  event  of  the  Silurian,  which  marks  the  end 
of  Silurian  time,  is  also  the  most  significant  in  terms  of 
the  percentage  of  extinctions  (79%).  Of  the  fourteen  taxa 
known  from  the  upper  Monograptus  bouceki-M.  trans¬ 
grediens  Zone,  only  three  are  known  to  have  survived  into 
the  Early  Devonian;  these  are  Monograptus  microdon,  M. 
birchensis,  and  Linograptus  posthumus.  The  genera  Pseudo- 
monoclimacis  and  Pristiograptus,  as  well  as  all  other  spe¬ 
cies  of  Monograptus  s./.,  became  extinct  within  the  M. 
transgrediens  zonal  interval.  This  event  was  extensively 
discussed  by  Koren'  and  Rickards  (1979),  Koren'  (1993), 
Urbanek  (1993,  1995),  and  Kaljo  et  al.  (1995),  and  was 
noted  by  Storch  (1995a).  It  corresponds  to  the  late  Pridoli 
regression  noted  by  Johnson  (1996). 

Discussion 


For  much  of  the  Silurian,  the  link  between  sea-level  fall 
and  high  extinction  rates  is  fairly  clear  (Figure  4),  as 
noted  by  many  authors.  Three  exceptions  to  this,  how¬ 
ever,  are  the  late  Parakidograptus  acuminatus  Event  (al¬ 
though  see  discussion  above),  the  Cyrtograptus  murchisoni 
Event,  and  the  Monograptus  ( Uncinatograptus )  spineus 
(Nate  M.  ( Formosograptus )  formosus )  Event,  which  fea¬ 
tured  significant  extinctions  and  no  identified  eustatic 
fall.  A  fourth  exception  is  the  earliest  Aeronian,  which  is 
marked  by  eustatic  fall  (Johnson,  1996),  but  no  significant 
rise  in  extinction  rates.  With  the  database  that  is  now 
available,  it  seems  unlikely  that  further  research  will 
bring  a  higher-magnitude  extinction  event  to  light  in  the 
early  Aeronian. 

Grahn  and  Caputo  (1992)  reported  evidence  for  sev¬ 
eral  glacial  episodes  in  the  Early  Silurian  of  South 
America.  Johnson  (1996)  suggested  that  if  the  cycles  of 
sea-level  lows  and  highs  in  the  Llandovery  represent  gla¬ 
cial  and  non-glacial  periods,  respectively,  the  duration  of 


each  glaciation  is  on  the  order  of  1  Ma.  Whereas  these  in¬ 
tervals  are  approximately  an  order  of  magnitude  longer 
than  the  glacial-interglacial  cycles  of  the  Pleistocene,  the 
area  glaciated  is  also  much  larger,  which  may  have  re¬ 
sulted  in  longer  cycles  (Johnson,  1996).  It  is  also  possible 
that  each  of  the  currently  known  cycles  consists  of  two  or 
more  smaller,  unresolved  glacial-interglacial  fluctua¬ 
tions.  Johnson  (1996)  suggested  that  sea-level  cycles  of 
post-Llandovery  times,  which  are  of  somewhat  longer 
duration,  may  be  related  to  tectonic  cycles. 

As  noted  in  the  introduction  to  this  report,  the  link 
between  sea-level  change  and  planktic  graptolite  diver¬ 
sity  is  not  considered  to  be  a  direct  one  by  most  authors. 
However,  Kirk  (1991),  who  considered  that  planktic 
graptoloids  had  a  benthic  early  growth  stage  that  lived  in 
deeper  waters,  suggested  that  sea-level  fall  would  reduce 
the  habitat  for  the  benthic  stage,  and  would  result  in  the 
observed  extinctions.  No  field  evidence  has  been  pre¬ 
sented  in  favor  of  a  benthic  sicular  stage  for  graptoloids, 
and  Melchin  et  al.  (1995)  have  presented  preliminary 
taphonomic  evidence,  based  on  relative  abundances  and 
orientations  of  numerous  uncompressed  specimens  in 
concretions,  that  the  sicular  stages  shared  the  same 
planktic  habitat  as  the  mature  rhabdosomes.  On  the  other 
hand,  eustatic  fall  would  certainly  reduce  the  area  of 
deep-shelf  habitat  over  the  cratonic  and  craton  margin 
regions,  a  cause  widely  cited  for  extinctions  of  benthic 
organisms  (e.g.,  Brenchley,  1984).  Although  the  deep- 
shelf  graptolite  biofacies  is  generally  not  as  diverse  as  the 
more  pelagic  assemblages,  the  drastic  reduction  or  elimi¬ 
nation  of  many  deep-shelf  settings  would  account  for  at 
least  some  graptolite  extinctions. 

Rather  than  sea-level  fall  as  the  main  cause  of  ex¬ 
tinction  in  these  events,  it  is  more  commonly  regarded  as 
associated  with  other  changes  in  oceanic  conditions  that 
may  have  affected  pelagic  faunas.  As  noted  by  Loydell 
(1994),  the  relationship  between  graptolite  diversity  arid 
other  environmental  changes  does  not  match  well  with 
the  predictions  of  the  model  of  changing  oceanic  states 
put  forward  by  Jeppsson  (1990,  1996),  Aldridge  et  al. 
(1993),  and  Jeppsson  et  al.  (1995).  For  the  Llandovery, 
their  "Secundo  (S)  episodes",  which  are  predicted  to  be 
times  of  low  planktic  diversity,  span  the  two  intervals  of 
highest  graptolite  diversity  in  the  Silurian,  the  early 
Aeronian  and  earliest  Telychian.  Conversely,  the  lower 
diversity  of  the  middle  Telychian  is  considered  to  be 
within  a  "Primo  (P)  episode,"  which  their  model  predicts 
to  show  high  planktic  diversities.  A  similar  lack  of  corre¬ 
spondence  occurs  in  the  Wenlock,  where  times  of  highest 
diversity  occur  within  the  Ireviken  Event  ( Cyrtograptus 
centrifugus  Chron)  and  the  Hellvi  S  episode  ( Cyrtograptus 
lundgreni  Chron).  Some  of  the  changes  between  episodes 
in  the  Llandovery,  as  identified  by  Aldridge  et  al.  (1993) 
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and  Jeppsson  (1996),  do  correspond  in  timing  with  the 
early  Stimulograptus  sedgivickii,  Spirograptus  turriculatus, 
and  Cyrtograptus  lapworthi  Events  identified  herein,  al¬ 
though,  as  noted  by  Loydell  (1994),  the  magnitudes  of  the 
extinctions  do  not  always  correspond  with  those  pre¬ 
dicted  by  the  model.  The  Jeppsson  (1990)  model  predicts 
that  planktic  extinctions  should  be  highest  during  times 
of  transition  from  P  to  S  episodes.  During  the  Wenlock, 
P-S  transitions  are  recorded  by  Jeppsson  et  al.  (1995)  to 
occur  within  the  late  Monograptus  riccartonensis-M. 
belophonis  Chron,  the  Cyrtograptus  rigidus-C.  perneri 
Chron,  and  near  the  beginning  of  the  Cyrtograptus 
lundgreni  Chron,  none  of  which  is  a  period  with  a  high 
extinction  rate.  The  most  significant  graptolite  extinction 
in  the  Wenlock,  the  late  C.  lundgreni  Event,  corresponds 
to  a  time  of  transition  between  two  S  episodes.  In  con¬ 
trast,  Jeppsson  (1996)  suggested  that  transition  events 
between  S-P  and  S-S  episodes  should  be  even  more  se¬ 
vere  than  P-S  events,  although  the  reason  why  this 
should  be  the  case  was  not  clearly  explained.  In  addition, 
Jeppsson  (1996)  did  not  explain  why  no  extinction  events 
have  yet  been  described  for  the  S-P  transitions  of  the 
Early  Silurian  (e.g.,  early-middle  Aeronian,  early-middle 
and  late-middle  Sheinwoodian),  except  for  the  relatively 
weak  early  Telychian  Stimulograptus  utilis  ( =Spirograptus 
turriculatus )  Event.  The  second  most  severe  extinction  of 
the  Early  Silurian,  the  late  Parakidograptus  acuminatus 
Event,  occurs  within  an  S  episode,  although  it  is  possible 
that  this  represents  a  hitherto  unrecognized  S-S  event, 
similar  to  that  which  corresponds  to  the  late  C.  lundgreni 
Event. 

Quinby-Hunt  and  Berry  (1991)  examined  the  pos¬ 
sible  causes  of  the  late  Cyrtograptus  lundgreni  Event.  They 
suggested  that  the  Silurian  was  a  time  of  widespread  an¬ 
oxia  below  the  surface-mixed  layer  of  the  oceans,  and 
that  the  subphotic  dysaerobic  zone  immediately  overly¬ 
ing  the  anaerobic  waters  was  the  habitat  of  the  most  di¬ 
verse  graptoloid  communities  (Berry  et  al.,  1987).  They 
attributed  the  extinction  primarily  to  a  global  rise  in  tem¬ 
perature  and  a  decrease  in  02  concentrations  in  the 
oceans  and  atmosphere  that  resulted  in  a  shoaling  of  the 
anoxic  waters  into  the  surface-mixed  layer  and  a  com¬ 
pression  or  elimination  of  the  intervening  suboxic  habi¬ 
tat.  They  noted  that  the  survivors  of  the  extinction  were 
primarily  surface-water  dwellers.  As  a  secondary  factor, 
they  cited  the  tectonic  uplift  of  many  cratonic  regions  and 
an  associated  loss  of  deep-shelf  environments.  However, 
Jaeger  (1976),  Koren'  (1987),  Kemp  (1991),  and  Storch 
(1995a)  have  all  noted,  based  on  lithologic  evidence,  that 
the  latest  Wenlock  and  other  phases  of  regression  were 
times  of  retreat,  rather  than  a  spread,  of  the  anoxic  black 
shale  facies  that  resulted  primarily  from  eustatic  fall.  As 
proposed  by  Storch  (1995a),  global  reduction  in  the 


regional  distribution  of  the  oceanic  anoxic  and  suboxic 
zones  that  accompanies  sea-level  falls  would  also  result 
in  a  loss  of  preferred  graptolite  habitat,  except  for  those 
taxa  that  lived  in  surface,  well-oxygenated  waters. 

Loydell  (1994)  suggested  for  the  early  Telychian 
Stinndograptus  utilis  ( =Spirograptus  turriculatus)  Event 
that  glacio-eustatic  fall  would  be  accompanied  by  an  in¬ 
crease  in  rates  of  deep  ocean  circulation  and  upwelling. 
Similar  suggestions  have  also  been  made  for  other  Paleo¬ 
zoic  events  of  sea-level  fall  (e.g..  Landing  et  al.,  1992).  The 
regressive  episode  would  also  be  a  time  of  higher  rates  of 
continental  erosion  and  increased  rates  of  input  of  nutri¬ 
ents  to  the  ocean.  The  higher  rates  of  upwelling  and  ter¬ 
restrial  nutrient  input  would  result  in  overall  higher  rates 
of  oceanic  productivity.  In  modern  oceans,  regions  of 
high  oceanic  productivity  are  generally  characterized  by 
high  abundance  but  low  overall  diversity  in  plankton 
communities  (e.g.,  Hallock,  1987).  Loydell  (1994)  pro¬ 
posed,  therefore,  that  the  Telychian  Stimulograptus  utilis 
( =Spirograptus  turriculatus)  Event  of  graptolite  diversity 
fall  was  caused  by  a  phase  of  a  glacio-eustatically  in¬ 
duced  increase  in  productivity.  Martin  (1996)  developed 
an  overall  model  of  changing  productivity  and  diversity 
through  time  that  supports  these  suggestions,  and  pro¬ 
vided  faunal,  lithologic,  and  isotopic  evidence  in  support 
of  it.  He,  as  Brenchley  et  al.  (1995)  and  Wenzel  and 
Joachimski  (1996),  explained  the  positive  shift  in  813C 
values  that  are  associated  with  the  Late  Ordovician  and 
Silurian  regressions  as  the  result  of  enhanced  primary 
productivity  and/or  organic  carbon  burial  rate  associ¬ 
ated  with  increased  rates  of  upwelling  and  nutrient  run¬ 
off  from  land. 

In  contrast,  Pederson  and  Calvert  (1990)  docu¬ 
mented  an  oceanic  circulation  model  that  predicts  that 
rates  of  deep  oceanic  circulation,  upwelling,  and  produc¬ 
tivity  should  be  higher  in  non-glacial  intervals  of  geo¬ 
logic  time  than  during  glaciations.  They  suggested  that 
times  of  widespread  black  shales  (generally  non-glacial 
times)  are  the  result  of  the  anoxia  produced  by  the  high 
rates  of  upwelling  and  productivity,  and  led  to  high  bio¬ 
logical  oxygen  demand  in  deeper  waters  rather  than  to 
deep-ocean  stagnation,  as  suggested  by  Martin  (1996) 
and  others.  In  addition,  Van  Cappellen  and  Ingal  (1994) 
proposed  a  model  for  carbon  and  phosphorus  cycling 
that  suggests  that  times  of  oceanic  anoxia-dysoxia 
should  be  times  of  high  primary  productivity.  The  sug¬ 
gested  cause  is  differences  in  the  chemical  state  of  phos¬ 
phorus  and  the  resulting  changes  in  burial  rate  under 
oxic  versus  anoxic  conditions.  Reduced  rates  of  phospho¬ 
rus  burial  under  anoxic  conditions  result  in  a  higher  rate 
of  recycling  and  higher  overall  productivity. 

Studies  of  modern  upwelling  systems  and  their 
variability  show  that  their  occurrence  and  intensity  are 
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primarily  the  result  of  surface  wind  stress  fields  that 
result  in  surface  current  divergence  (Summerhayes  et  al., 
1995).  Upwelling  patterns  are  not  a  function  of  deep- 
ocean  circulation  rates,  although  both  are  climatically 
controlled.  In  addition,  most  upwelling  systems  do  not 
involve  deep-ocean  waters,  but  only  the  intermediate 
waters  immediately  below  the  surface-mixed  layer 
where  nutrient  levels  are  commonly  highest.  Through  the 
Quaternary,  there  is  not  a  consistent  relationship  between 
rates  of  upwelling  in  particular  regions  and  glacial  ad¬ 
vance  and  retreat  (Anderson,  1995;  Summerhayes  et  al., 
1995).  Landing  et  al.  (1992)  and  Landing  and  Bartowski 
(1996)  provided  evidence  for  episodic  anoxia  on  the  outer 
shelf  and  slope  during  the  Cambrian  and  Ordovician, 
when  the  deep-ocean  was  oxygenated.  This  indicates  that 
widespread  black  shale  deposition  is  not  necessarily  in¬ 
dicative  of  sluggish  deep  ocean  circulation. 

Too  many  uncertainties  exist  in  our  current  models 
of  upwelling,  our  understanding  of  past  ocean  and  atmo¬ 
spheric  systems,  and  how  variations  in  these  are  reflected 
in  the  sedimentary  record  to  generate  meaningful  recon¬ 
structions  of  the  dynamics  of  ancient  oceanic  states  and 
upwelling  patterns  in  response  to  climate  (Jahnke  and 
Shimmield,  1995;  Peterson  et  al.,  1995). 

Nigrini  and  Caulet  (1992)  and  Peterson  et  al.  (1995) 
noted  that  some  groups  of  organisms  that  reach  their 
maximum  abundance  in  upwelling  waters  (e.g.,  Radio- 
laria)  also  reach  their  maximum  diversity  there.  The 
general  inverse  relationship  between  productivity  and 
diversity  noted  above  does  not  necessarily  apply  to  those 
particular  groups  of  organisms  with  a  preferred  habitat 
in  nutrient-rich  waters. 

In  summary,  it  seems  clear  that  the  association 
between  eustatic  fall,  temporary  termination  of  "grapto- 
litic  shale"  (anoxic-suboxic  facies)  deposition,  and  grap- 
tolite  extinction  is  relatively  consistent  through  the 
Silurian  in  many  regions  of  the  world  (with  some  notable 
exceptions),  whether  or  not  there  exists  evidence  for  gla¬ 
ciation.  Beyond  this,  however,  considerable  uncertainty 
exists  concerning  the  following  points:  1)  the  relative  im¬ 
portance  of  rates  of  deep  ocean  circulation  versus  pri¬ 
mary  productivity  in  producing  the  widespread  oceanic 
anoxia-dysoxia  that  characterizes  much  of  the  Early- 
Middle  Paleozoic;  2)  the  physical  relationship  between 
changing  climate,  deep  ocean  circulation,  and  rates  of 
upwelling;  3)  the  probable  relationship  between  the  di¬ 
versity  dynamics  of  a  zooplankton  group  such  as  the 
graptoloids  and  changes  in  rates  of  upwelling  or  primary 
productivity;  and  4)  the  forcing  mechanism  of  the 
eustatic  cycles  seen  throughout  the  Silurian  System.  Al¬ 
though  cycles  in  the  Llandovery  can  be  temporally  linked 
to  reported  glacial  deposits  in  South  America  (Grahn  and 
Caputo,  1992),  the  documentation  of  the  glacial  origin  of 


those  deposits  and  their  precise  temporal  correlation 
with  sea-level  changes  are  not  as  well-demonstrated  as  in 
the  case  of  the  Ashgill  glaciation.  The  post-Llandovery 
cycles  cannot  be  linked  to  any  known  glacial  events. 
However,  if  the  sub-photic,  dysaerobic  zone  that  today 
characterizes  upwelling  zones  was  indeed  the  preferred 
graptolite  habitat  as  suggested  by  Berry  et  al.  (1987),  then 
the  loss  of  that  habitat  in  many  regions  with  regression, 
whatever  its  cause,  could  have  resulted  in  widespread 
graptolite  extinction. 
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Appendix  1 — List  of  species  and 

SUBSPECIES  NAMES  CITED  IN  THE  TEXT 
WITH  AUTHORSHIP 


Akidograptus  ascensus  Davies,  1929 
Atavograptus  atavus  (Jones,  1909) 

Bohemograptus  bohemicus  (Barrande,  1850) 

B.  bohemicus  tennis  (Boucek,  1936) 

B.  cornutus  Urbanek,  1970 

Campograptus  curtns  Obut  and  Sobolevskaya,  1968 
Cephalograptus  cometa  (Geintitz,  1852) 

Colonograptns  colonus  (Barrande,  1850) 
Coronograptus  cyphus  (Lapworth,  1876) 
Cucullograptus  hemiaversus  Urbanek,  1960 
Cyrtograptus  bohemicus  Boucek,  1931 

C.  centrifugus  Boucek,  1931 

C.  ellesae  Gortani,  1922 
C.falcatus  Lenz  and  Melchin,  1991 
C.  insectus  Boucek,  1931 

C.  kolobus  Lenz  and  Melchin,  1991 
C.  lacjiieus  Jackson  and  Etherington,  1969 
C.  lapivorthi  Tullberg,  1883 
C.  lundgreni  Tullberg,  1883 
C.  malgusaricus  Golikov,  1974 
C.  murchisoni  Carruthers,  1867 
C.  pemeri  Boucek,  1933 
C.  polyramens  Fu  and  Song,  1985 
C.  radians  Tornquist,  1887 
C.  ramosus  Boucek,  1931 
C.  rigidus  Tullberg,  1883 
C.  sakmaricus  Koren',  1968 


C.  Solaris  Boucek,  1931 
Cystograptus  ancestralis  Storch,  1985 

C.  vesicnlosus  (Nicholson,  1868) 

Demirastrites  convolutus  (Hisinger,  1837) 

D.  pectinatus  (Richter,  1853) 

D.  simulans  (Pedersen,  1922) 

D.  triangulatus  (Harkness,  1851) 

Gothograptus  nassa  (Holm,  1890) 

Hirsutograptus  sinitzini  (Chaletzkaya,  1960) 
"Lagarograptus"  acinaces  (Tornquist,  1899) 
Linograptus  posthnmus  (R.  Richter,  1875) 
Lobograptus  invertus  Urbanek,  1966 
L.  parascanicus  (Kiihne,  1955) 

L.  progenitor  Urbanek,  1966 

L.  scanicus  (Tullberg,  1883) 

L?  sherrardae  (Sherwin,  1975) 

Monoclimacis  crenulata  (Elies  and  Wood,  1911) 
M?  galaensis  (Lapworth,  1876) 

M.  griestoniensis  (Nicol,  1850) 

"Monograptus"  abhorrens  Pribyl,  1983 
M.  argenteus  (Nicholson,  1869) 

M.  balticus  Teller,  1964 
M.  beatus  Koren',  1983 
M.  belophorus  (Meneghini,  1857) 

M.  birchensis  Berry  and  Murphy,  1975 

M.  bouceki  Pribyl,  1940 

M.  branikensis  Jaeger,  1986 

M.  crispus  Lapworth,  1876 

"M".  deubeli  Jaeger,  1959 

M.  discus  Tornquist,  1883 

M.  firmus  Boucek,  1931 

M.flexilis  Elies,  1900 

"M".  gemmatus  (Barrande,  1850) 

M.  hamulosus  (Tsegelnyuk,  1976) 

M.  instrenuus  Lenz  and  Melchin,  1991 
M.  latilobus  (Tsegelnyuk,  1976) 

M.  limatulus  Tornquist,  1892 
M.  lobiferus  M'Coy,  1850 
M.  lochkovensis  Pribyl,  1940 
"M".  ludensis  (Murchison,  1839  [-Pristiograptus 
vulgaris  Wood,  1990]) 

M.  microdon  R.  Richter,  1875 

M.  microdon  aksajensis  Koren',  1983 

M.  opiums  Lenz  and  Melchin,  1991 

M.  parultimus  Jaeger,  1975 

M.  pemeri  Boucek,  1931 

M.  pemeri  kasachstanensis  Mikhaylova,  1975 

"M".  praedeubeli  Jaeger,  1990 

M.  pridoliensis  Pribyl,  1981 

M.  revolutus  Kurck,  1882 

M.  riccartonensis  Lapworth,  1876 

M.  transgrediens  Perner,  1899 

M.  ultimus  Perner,  1899 
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M.  (Formosograptus)  formosus  (Boucek,  1931) 

M.  ( Uncinatograptus )  acer  (Tsegelnyuk,  1976) 

M.  ( Uncinatograptus )  spineus  (Tsegelnyuk,  1976) 
Neocucullograptus  inexpectatus  (Boucek,  1932) 

N.  kozloxvskii  Urbanek,  1970 
Neodiplograptus  magnus  (Lapworth,  1900) 

N.  thuringiacus  (Eisel,  1919) 

Neodiversograptus  nilssoni  (Lapworth,  1876) 
Neolobograptus  auriculatus  Urbanek,  1970 
Normalograptus  lubricus  (Chen  and  Lin,  1978) 

N.  madernii  (Koren'  and  Mikhaylova,  1980) 

Oktnvites  spiralis  (Geinitz,  1842) 

Paradiversograptus  runcinatus  (Lapworth,  1876) 
Parakidograptus  acuminatus  (Nicholson,  1867) 
Persculptograptus  persculptus  (Elies  and  Wood,  1907) 
Parapetalolithis  hispanicus  (Haberfelner,  1931) 

P.  palmeus  (Barrande,  1850) 

Polonograptus  podoliensis  Pribyl,  1983 
Pribi/lograptus  leptotheca  (Lapworth,  1876) 
Pristiograptus  dubius  (Suess,  1851) 

P.  fragmentalis  (Boucek,  1936) 

P.  longns  (Boucek,  1936) 

P.  parvus  Ulst,  1974 


P.  renaudi  (Philippot,  1950) 

P.  tumiscens  (Wood,  1900) 

Pseudornonoclimacis  bandaletovi  Mikhaylova,  1975 
Pseudorthograptus  insectiformis  (Nicholson,  1969) 
Rastrites  linnaei  Barrande,  1850 

R.  maximus  Carruthers,  1867 

R.  orbitus  Churkin  and  Carter,  1970 
Saetograptus  chimaera  (Barrande,  1850) 

S.  incipiens  (Wood,  1900) 

S.  leintwardinensis  (Hopkinson,1880) 

S.  linearis  (Boucek,  1936) 

Spirograptus  guerichi  Loydell,  Storch  and  Melchin,  1993 
S.  turriculatus  (Barrande,  1850) 

Stimulograptus  halli  (Barrande,  1850) 

S.  sedgwickii  (Portlock,  1843) 

S.  utilis  Loydell,  1991 
Stomatograptus  grandis  (Suess,  1851) 

Streptograptus  johnsonae  Loydell,  1991 

S.  sartorius  (Tornquist,  1881) 

Testograptus  testis  (Barrande,  1950) 

Torquigraptus  carnicus  (Gortani,  1923) 

T.  proteus  (Barrande,  1850) 

T.  tullbergi  (Boucek,  1931) 
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ABSTRACT — Silurian-lowest  Devonian  cephalopod  lime¬ 
stones  of  Gondwana  and  Perunica  developed  on  the  sea  floor 
below  wave  base,  but  were  ventilated  by  surface  currents.  These 
limestones  are  cyclic  and  indicate  sea-level  lowstands.  This 
biofacies  is  represented  by  thirteen  stratigraphic  horizons. 
Comparison  of  the  cephalopod  limestone  occurrences  in  differ¬ 
ent  Gondwanan  and  Perunican  basins  in  Europe  makes  it 
possible  to  distinguish  between  lowstands  caused  by 
synsedimentary  tectonic  uplift  and  those  that  resulted  from 
eustatic  oscillations.  In  the  Testograptus  testis,  Colono- 
graptus  colonus,  upper  Saetograptus  chimaera,  loiver  S. 
linearis,  Monograptus  fragmentalis,  M.  ultimus,  upper  M. 
transgrediens,  and  loiver  M.  uniformis  Zones,  cephalopod 
limestones  indicate  early  transgressive  phases  of  cycles.  The 
oldest  cephalopod  limestones  are  in  the  Cyrtograptus  rigidus 
Zone  in  the  Carnic  Alps.  Wenlock  and  Ludloiv  cephalopod 
limestones  are  associated  with  recurrent  bivalve-dominated 
communities  of  the  Cardiola  Community  Group,  which  is 
composed  mostly  of  epibyssate  forms.  The  upper  Pridoli  cepha¬ 
lopod  limestones  have  the  bivalve-dominated,  largely  infaunal 
Joachymia-Cardiolinka-Pygolfia  Community  of  the  Snoopyia 
Community  Group.  Lowest  Devonian  cephalopod  limestones 
have  the  bivalve-dominated  Antipleura  bohemica  Commu¬ 
nity  of  the  Antipleura-Hercynella  Community  Group  and 
include  mostly  infaunal,  reclining,  and  epibyssate  forms. 


Introduction 


Silurian  and  lowest  Devonian  cephalopod  limestones  are 
characterized  by  abundant  cephalopods  and  bivalves. 
Gastropods  and  other  mollusks  are  less  common;  trilo- 
bites  and  brachiopods  are  absent  or  very  rare.  Cephalo¬ 
pod  limestones  typically  form  massive  beds  about  1 
m-thick  in  the  middle  and  uppermost  Ludlow,  and  occur 
within  shales  as  isolated  nodules,  lenses,  and  thin  layers 
(Wenlock  and  lower  Ludlow).  They  occasionally  form 
massive  layers  up  to  several  meters  thick  (upper  Ludlow 
and  upper  Pridoli  of  the  Prague  Basin),  and  they  may 


also  occur  in  sequences  dominated  by  brachiopod  and 
crinoid  limestones  (upper  Ludlow  and  Pridoli). 

Silurian  and  lowest  Devonian  cephalopod  lime¬ 
stones  are  known  from  North  Gondwana  in  Morocco,  Al¬ 
geria,  Spain,  the  Montagne  Noire  and  Massif  Armoricain 
in  France,  Sardinia,  the  Carnic  Alps  in  Italy  and  Austria, 
eastern  Serbia,  Macedonia,  and  Turkey  (Figure  1).  They 
occur  on  the  Perunica  microcontinent  (Havlicek  et  al., 
1994)  in  the  Prague  Basin  of  Bohemia. 

The  Bohemian  Massif  is  assumed  to  be  a  composite 
unit  with  Gondwanan,  Perunican,  and  Baltic  elements 
(Havlicek  et  al.,  1994).  The  Perunica  microcontinent  ex¬ 
tends  from  the  south  margin  of  the  Bohemian  Massif 
northwards  to  the  mid-European  suture  that  originated 
with  closure  of  the  Rheic  Sea,  and  is  now  the  boundary 
between  the  Saxothuringicum  and  Rhenohercynicum  in 
the  Variscan  orogen  (Burrett-Griffiths,  1977).  The  tectonic 
contact  between  Perunica  and  the  Brunovistulicum  is  as¬ 
sociated  with  significant  overthrusts  and  nappes  with  a 
pronounced  eastern  vergence,  which  was  first  recognized 
by  Suess  (1912).  The  Perunica  microcontinent  drifted 
from  high  latitudes  in  the  southern  hemisphere  across  the 
paleoequator  to  the  low  northern  latitudes  in  the  latest 
Paleozoic.  Data  for  this  supposition  are  presented  from 
Bohemia  by  Krs  et  al.  (1986,  1987).  The  independent  de¬ 
velopment  of  Perunica  may  be  deduced  from  its  probable 
rotation,  as  shown  by  changes  in  paleomagnetic  direc¬ 
tions  from  about  65°  in  the  Middle  Cambrian,  through  90° 
in  the  Upper  Cambrian,  to  127°-132°  in  the  Lower  Or¬ 
dovician  (Krs  et  al.,  1986).  These  data  support  Burrett 
(1983),  who  reinterpreted  the  apparent  polar  wander 
path  to  suggest  that  the  Bohemian  Massif  moved  inde¬ 
pendently  of  Armorica  during  the  Early  Paleozoic. 

Cephalopod  limestones  were  recognized  by  early 
collectors  as  rocks  with  a  high  concentration  of  fossils, 
and  have  been  quarried  for  those  fossils  since  the  eigh¬ 
teenth  century.  Samples  from  the  Prague  Basin  in 
Bohemia  with  the  bivalve  Cardiolinka  bohemica  and  cepha¬ 
lopods  were  described  and  figured  by  Zeno  (1770,  p.  397, 
figs.  2  and  3)  almost  230  years  ago  (Figure  2). 
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FIGURE  1 — Principal  localities  of  cephalopod  limestones  in  Europe  and  North  Africa  marked  by  bold  dots. 


The  cephalopod  limestone  biofacies  in  the  Prague 
Basin  was  first  studied  by  Petranek  and  Komarkova 
(1953).  They  measured  orientations  on  current-oriented 
cephalopod  shells  in  the  field,  and  most  of  their  results 
are  still  useful.  Detailed  interpretation  of  the  biostrati- 
nomy  of  the  biofacies  of  the  Prague  Basin  is  in  Ferretti 
and  Kriz  (1995).  Two  facies  types  were  recognized.  One 
was  the  product  of  surface  currents  (i.e.,  Branik  type — 
named  for  Branik  in  the  Prague  Basin,  Figure  3)  and  the 
other  (Kosov  type — named  for  Kosov  in  the  Prague  Ba¬ 
sin,  Figure  4)  resulted  from  local  storm-wave  redepo¬ 
sition  within  a  surface  current  in  a  shallow  environment. 
The  Branik  type  is  more  common,  and  was  interpreted 
(Ferretti  and  Kriz,  1995)  as  the  "normal"  depositional  fa¬ 
cies  (Figure  3).  Cephalopod  shells  are  abundant  in  the 
limestone  and  have  a  uniform  orientation. 


Cephalopod  Limestone  Biofacies 


Cephalopod  limestones  usually  mark  a  significant 
change  in  sedimentation  in  a  generally  low-energy  envi¬ 


ronment  in  sequences  dominated  by  shale  with  micritic 
limestone  intercalations.  Deposition  of  the  cephalopod 
limestone  facies  (Kriz,  1992,  1997,  In  press)  took  place  in 
the  upper  photic  zone  below  wave  base,  where  surface 
currents  reached  the  bottom  and  aligned  the  shells  of 
nektobenthic  cephalopods.  Thick  beds  of  fossil-hash 
limestones  (wacke-  to  packstones),  which  represent  rela¬ 
tively  short  periods  of  high-energy  sediment  accumula¬ 
tion,  alternate  with  thin  micritic  limestone  intercalations 
that  probably  represent  long  periods  of  quiet  sediment 
accumulation  (Kriz,  1991,  1992). 

Microfacies  analysis  (Ferretti  and  Kriz,  1995)  sup¬ 
ports  episodic  higher-energy  deposition  of  cephalopod 
wacke-  to  packstones  in  sequences  characterized  by  low- 
energy,  finer-grained  micritic  sediment  with  small  ostra- 
codes,  juvenile  bivalves,  gastropods,  crinoids,  graptolites, 
cephalopods,  and  muellerisphaerids.  Small  pelagic  forms 
seem  to  be  dominant  in  the  finer-grained  sediment.  Disso¬ 
lution  effects  (stylolites)  occur  at  the  lower  contact  of  the 
wackestones-packstones  with  the  fossiliferous  mudstones. 

Surface  currents  ventilated  the  anoxic  bottom  below 
wave  base,  and  periodically  lowered  the  sediment  accu- 
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FIGURE  2 — Cephalopod  limestone  samples  from  quarries  in  the 
vicinity  of  Prague,  Bohemia,  figured  by  Zeno  (1770). 


mulation  rate  by  carrying  away  the  fine-grained,  micritic 
fraction  (Kriz,  1997,  In  press).  Large  quantities  of  empty, 
mostly  current-oriented  cephalopod  shells  were  depos¬ 
ited.  They  were  probably  carried  there,  at  least  in  part,  by 
the  current  as  empty,  floating  orthocone  shells.  Many  of 
the  shells  came  from  cephalopods  that  lived  locally  in  the 
cephalopod  limestone  biofacies.  This  is  substantiated  by 
the  variable  composition  of  the  cephalopod  assemblages 
within  a  basin  (e.g.,  Prague  Basin)  and  between  localities 
of  the  same  age.  Larvae  and  juvenile  forms  of  trilobites, 
bivalves,  gastropods,  cephalopods,  and  brachiopods, 
which  occupied  favorable  bottom  conditions  of  at  least 
partially  oxic  facies,  were  quickly  distributed  by  surface 
currents  over  North  Gondwana  and  Perunica.  Longer  pe¬ 
riods  without  oxygen  or  with  very  low  oxygen  content 
are  indicated  by  the  limited  occurrence  of  brachiopods, 
trilobites,  and  other  groups  dependent  on  oxygenated 
conditions.  Some  bivalves  became  specialized  for  the 
cephalopod  limestone  biofacies.  Low  oxygen  content 
caused  periodic  mass  mortality  of  the  early  ontogenetic 
stages  of  bivalves,  gastropods,  and  cephalopods  at  the 
sediment-water  interface,  yet  the  adults  survived 


FIGURE  3 — Cephalopod  limestone  biofacies  of  Branik  Type,  Prague 
Basin,  Bohemia.  1,  quiet  area  with  dark  micrite  sedimentation  and 
bivalve-dominated  Cheiopteria  glabra  Community;  2,  deposition  of 
current-oriented  cephalopod  conchs  in  cephalopod  limestone  biofacies; 
3,  micritic  cover  is  locally  developed,  or  the  shell  hash  limestone  is 
covered  by  shale.  After  Ferretti  and  Kriz  (1995). 

(Ferretti  and  Kriz,  1995).  The  successful  and  rapid  coloni¬ 
zation  of  this  unstable  environment,  which  was  charac¬ 
terized  by  fluctuating  oxygen  content  and  temperature 
was  often  undertaken  by  cardiolid  bivalves  that  short¬ 
ened  their  generation  times  by  undergoing  early  sexual 
maturity  and  were  thus  able  to  survive  (Kriz  and 
Bogolepova,  1995). 

A  cephalopod  limestone  facies,  in  which  the  sea 
floor  was  covered  by  empty,  dead  cephalopod  conchs, 
appeared  at  a  number  of  horizons  from  the  middle 
Wenlock  to  the  uppermost  Pridoli.  It  was  colonized  by 
the  Bohemian-type,  bivalve-dominated  Cardiola  Commu¬ 
nity  Group  (Kriz  and  Serpagli,  1993;  Kriz,  1997,  In  press). 
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FIGURE  4 — Distribution  of  Silurian  rocks  (in  black)  in  the  Prague  Basin. 

which  is  characterized  by  dominant  epibyssate  Cardio- 
lacea  specimens  accompanied  by  Lunulacardiidae  and 
Antipleuridae.  During  the  Llandovery  and  early  Wen- 
lock,  the  first  representatives  of  these  groups  appeared  in 
North  Gondwana  and  Perunica  (Havlicek  et  al.,  1994). 
Their  small,  pelagic  progenetic  stages  (Gould,  1977;  Kriz, 
1984)  occur  in  the  "shelf  pelecypod-graptolite  bearing 
shales"  of  Berry  and  Boucot  (1967).  These  bivalves  played 
an  important  role  in  colonization  of  the  cephalopod  lime¬ 
stone  biofacies  when  conditions  were  temporarily  much 
more  favorable. 

The  Cardiola  Community  Group  includes  ten  recur¬ 
ring  communities  (Kriz  and  Serpagli,  1993;  Kriz,  1996, 
1997,  In  press),  which  mainly  reflect  the  Wenlockian  and 
Ludlovian  evolutionary  history  of  epibyssate  Cardiolacea 
(' Carnalpia ,  Cardiola,  Slavinka),  Butovicellidae  ( Butovicella ), 
and  Lunulacardiidae  (Mila,  Spanila,  Patrocardia).  In  this 
community  group,  epibyssate  forms  are  dominant  (39%- 
98%)  and  characteristic.  Diversity  and  population  densi¬ 


ties  are  usually  high.  Semi-infaunal  byssate  bivalves  are 
quite  common  (Cardiol opsis,  Cardiola );  infaunal  bivalves 
(Slava,  Isiola,  Praecardiwn,  Cardiolinka,  Cardiola)  are  gener¬ 
ally  not  dominant,  and  reclining  bivalves  are  generally 
very  rare  (Maminka,  Slavinka,  Dualina,  Procarinaria,  Praeo- 
strea).  At  each  higher  stratigraphic  level,  adaptation  to  the 
depositional  conditions  became  better.  Kriz  (1979)  docu¬ 
mented  the  gradual  adaptation  of  the  Cardiolidae  to  at¬ 
tachment  to  the  cylindrical  surface  of  dead  cephalopod 
shells. 

The  Cardiola  Community  Group  is  very  important 
for  stratigraphic  purposes.  Each  cephalopod  limestone 
biofacies  level  corresponds  in  the  Prague  Basin  (Kriz, 


FIGURE  5 — (opposite)  Distribution  of  cephalopod  limestones  in  the 
Silurian-Lower  Devonian  of  Gondwana  and  Perunica.  Dotted  areas 
represent  continuous  interval  of  cephalopod  limestones  in  Prague 
Basin,  Sardinia,  and  Montagne  Noire  sequences. 
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1979)  and  also  in  other  regions  (Sardinia  [Kriz  and 
Serpagli,  1993];  France  [Kriz,  1996];  Carnic  Alps  in  Aus¬ 
tria  and  Italy  [Schonlaub,  1980])  to  established  graptolite 
and  conodont  zones,  and  may  be  recognized  and  corre¬ 
lated  solely  on  the  basis  of  the  bivalve  community  com¬ 
position  despite  the  fact  that  graptolites  or  conodonts  are 
usually  rare  or  missing.  Most  of  these  levels  occur  close  to 
the  series  boundaries  (Wenlock-Ludlow,  Ludlow- 
Pridoli,  and  P  idoli-Lochkov;  Figure  5). 

During  the  late  Pridoli,  the  Cardiola  Community 
Group  was  replaced  by  communities  of  the  Snoopy ia 
Community  Group.  The  later  is  represented  in  the  cepha- 
lopod  limestone  biofacies  by  the  Joachymia-Cardiolinka- 
Pygolfia  Community.  The  base  of  the  Lochkov  (Lower 
Devonian)  has  the  later  Antipleura-Hercynella  Community 
Group,  which  is  represented  in  the  cephalopod  limestone 
biofacies  by  the  Antipleura  bohemica  Community  (Kriz, 
1997,  In  press).  The  number  of  epibyssate  forms  de¬ 
creases  in  the  upper  Pridoli  (26%)  and  in  the  Lochkov 
(16-18%),  and  reclining  and  infaunal  forms  become 
dominant  (Pridoli  with  69.5%,  and  Lochkov  with  81%). 

Cyrtograptus  Rigidus  Zone 
Limestone 


Geographic  DISTRIBUTION.— Carnic  Alps  of  Austria  and 
Italy  (North  Gondwana). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Mount  Cellon  in 
the  Carnic  Alps,  Austria  (Kriz,  1979).  Lenses  of  dark 
biomicrite  to  shell-hash  limestone  with  juvenile  cephalo- 
pods  in  dark  graptolitic  shales  of  Kok  Formation,  middle 
Wenlock  (Sheinwoodian  Stage).  Horizon  is  part  of  the  fer¬ 
ruginous  limestone  interval.  Age  from  Jaeger  (1975),  who 
found  Cyrtograptus  rigidus  in  the  shales  (layer  12  C)  just 
above  lenses  of  cephalopod  limestone  (layer  12  B),  and 
from  Schonlaub  (1980),  who  identified  the  Kockelella 
patula  Zone  in  layers  12  B  and  12  C. 

Fossil  COMMUNITY  DESCRIPTION. — Carnalpia  nivosa  Com¬ 
munity  of  the  Cardiola  Community  Group  (Kriz,  1997,  In 
press).  Mostly  disarticulated  bivalves.  Population  densi¬ 
ties  reasonably  high.  All  bivalves  filter  feeders;  58.5% 
epibyssate,  22%  semi-infaunal,  6%  reclining.  Epibyssate 
bivalves  show  adaptations  to  life  on  bottom  sediment. 
Bivalvia:  Cardiola  bifasciata,  Cardiola  sp.  aff.  C.  agna, 
Cardiolopsis  alpina,  Carnalpia  nivosa,  C.  rostrata,  "Hemicar- 
dium"  sp.,  Maminka  sp.  cf.  M.  comata,  Patrocardia  sp., 
Slavinka  sp.,  rare  disarticulated  trilobites  ( Aulacopleura , 
Cheiruridae,  Encrinuridae,  Odontopleuridae,  Proetidae), 
common  juvenile  stages  of  bivalves  and  gastropods, 
cephalopod  fragments,  and  very  rare  disarticulated  bra- 


chiopods.  Cephalopods  (§.  Manda,  personal  commun., 
1997)  mostly  juvenile  forms;  most  common  are  Hemi- 
cosmorthoceras  sp.,  Michelinoceras  n.  sp.,  Orthocycloceras  sp. 
aff.  O.  pedum,  Parasphaerorthoceras ?  sp.,  and  Protobactrites  sp. 

LOCALITIES. — Austria — Carnic  Alps,  Mount  Cellon 
(Schonlaub,  1980);  Italy — Carnic  Alps,  Mt.  Cocco 
(Heritsch,  1929;  von  Gaertner,  1931). 

Testograptus  Testis  Subzone 
Limestone 


Geographic  DISTRIBUTION.— Prague  Basin,  Bohemia 
(Perunica);  Carnic  Alps,  Austria  (North  Gondwana). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Arethusina 
Gorge,  Praha-Reporyje,  Prague  Basin,  Bohemia.  Lenticu¬ 
lar  fossil-hash  limestone  with  cephalopods  form  a  thin 
bed  (up  to  10  cm)  in  graptolitic  shales  of  Motol  Forma¬ 
tion,  upper  Wenlock  (Homerian  Stage).  Age  determined 
by  Testograptus  testis  in  the  shales  below  and  above  the 
cephalopod  limestone  (Kriz  et  al.,  1993).  At  this  level,  the 
conodont  Ozarkodina  sagitta  sagitta  occurs  with  early  rep¬ 
resentatives  of  Ozarkodina  bohemica  and  indicates  the 
Ozarkodina  sagitta  sagitta  Zone  (H.P.  Schonlaub  in  Kriz  et 
al.,  1993). 

Fossil  COMMUNITY  DESCRIPTION.— Cardiola  agna  agna 
Community  of  the  Cardiola  Community  Group  (Kriz, 
1997,  In  press).  Population  densities  high.  Very  common 
fragments  and  complete  shells  of  cephalopods,  mostly 
orthocones,  covered  most  of  the  sea  floor  and  formed  a 
substrate  for  abundant  epibyssate  bivalves  (39.2%).  Some 
genera  ( Cardiola ,  Patrocardia,  and  Spanila )  show  adapta¬ 
tions  to  firm  byssate  attachment  on  the  surface  of  cylin¬ 
drical  cephalopod  shells  (Kriz,  1979,  1984).  Shell-hash 
sediment  also  suitable  for  infaunal  bivalves  (37.7%  Slava, 
Isiola,  "Modiolopsis").  Articulated  infaunal  shells  are  very  | 
commonly  preserved  in  life  position  at  the  type  locality 
(Kriz,  1985).  Mostly  disarticulated  but  common  articu¬ 
lated  infaunal  bivalves  preserved  mostly  in  life  position 
(5.4%).  Bivalvia:  Butovicella  migrans,  Cardiola  agna, 

" Cypricardinia" ,  Dualina,  Isiola  lyra,  Maminka  comata, 
Modiolopsis "  sp.,  Patrocardia,  Praeostrea  bohemica,  Pro- 
carinata  zephyrina,  Slava  pelerina,  S.  discrepans,  and  Spanila. 
Trilobite  Aulacopleura  konincki  disarticulated  and  very 
rare.  Tabulate  corals  ( Favosites )  and  brachiopods  ( Bleshi - 
dium  papalas)  rare.  Very  abundant  fragments  of  non- 
vascular  plants  ( Pachytheca  and  Prototaxites)  and  grapto¬ 
lite  rhabdosomes  ( Monograptus  priodon  flemingii).  Local 
accumulations  of  juvenile  bivalves,  gastropods,  and 
cephalopods.  Cephalopods:  assemblage  with  Aptychopsis, 
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Arionoceras  valens,  Harrisoceras,  Kopaninoceras,  Michelino- 
ceras,  Octameroceras,  Oonoceras,  Orthocycloceras  pedum, 
Pseudocycloceras  sp.  cf.  P.  transiens,  Sphooceras  truncation, 
and  S.  disjunctum  (§.  Manda,  personal  commun.,  1997). 

LOCALITIES. — Austria — Camic  Alps,  Rauchkofel  Boden 
Section  (Schonlaub  and  Bogolepova,  1994).  Bohemia — 
Prague  Basin  (Figure  4),  Praha-Reporyje,  Arethusina 
Gorge  (Kriz  et  al.,  1993;  Kriz,  1997,  In  press);  Praha- 
Pankrac,  Mladeznicka  and  Motokov  sections  (Kriz  et  al., 
1993);  Praha-Podoli,  Hlaska  locality;  Praha-Smichov, 
Konvarka  Section  (Kriz  et  al.,  1993). 

REMARKS. — The  upper  Wenlock-lowermost  Ludlow 
cephalopod  limestones  in  Sardinia  and  France  represent  a 
long  stratigraphic  interval  from  the  Cyrtograptus  lund- 
greni  to  the  Colonograptus  colonns  Zones.  The  limestones 
are  lenses  and  nodules  of  dark  micritic  limestone  within 
shales  (Kriz  and  Serpagli,  1993).  The  uppermost  Wenlock 
Pristiograptus  parvus  to  P.  ludensis  Zones  are  not  recorded 
here,  and  sediment  accumulation  through  this  interval 
was  most  probably  minimal. 

The  type  locality  for  the  Sardinia  and  France  cepha¬ 
lopod  limestones  is  the  Xea  S'Antonio,  Fluminimaggiore, 
Sardinia.  Dark  micrite  to  biomicritic  limestones  (Ferretti, 
1989)  with  cephalopods  form  lenses  in  the  black  shales. 
The  Fluminimaggiore  Formation  is  upper  Wenlock  and 
lower  Ludlow.  The  age  was  determined  by  H.  Jaeger  in 
1987  (Kriz  and  Serpagli,  1993),  who  identified  Mono- 
graptus  priodon  flemingii  from  block  1/11  (which  indicates 
the  Cyrtograptus  lundgreni  Zone,  Wenlock)  and  Colono¬ 
graptus  colonus  from  block  1/17  (which  indicates  the  C. 
colonus  Zone,  Ludlow).  From  the  second  block,  con- 
odonts  of  the  Ozarkodina  bohemica  and  Ancoradella 
ploeckensis  Zones  were  identified  by  E.  Serpagli  (Kriz  and 
Serpagli,  1993).  The  same  age  in  the  Montagne  Noire  is 
based  on  the  occurrence  of  Monograptus  priodon  flemingii, 
which  indicates  the  Cyrtograptus  lundgreni  Zone  for  the 
Cardiola  agnafigusi  Community. 

Fossil  COMMUNITY  DESCRIPTION.— Cardiola  agna  figusi 
Community  of  the  Cardiola  Community  Group  (Kriz  and 
Serpagli,  1993;  Kriz,  1996).  Population  densities  high. 
Abundant  cephalopod  shells  provided  a  substrate  for  the 
abundant  epibyssate  bivalves  (59.4%).  Micritic  sediment 
was  suitable  for  infaunal  bivalves  (18%).  The  Cardiola 
agna  figusi  Community  shows  a  close  relationship  to  the 
Cardiola  agna  Community  in  Bohemia  and  the  Carnic 
Alps;  differences  at  the  species  and  subspecies  level  most 
probably  resulted  from  adaptation  to  micritic  sediment  in 
Sardinia  and  the  Montagne  Noire.  Mostly  disarticulated 
(81%)  bivalves:  Butovicella  migrans,  Cardiola  agna  figusi, 
Isiola  lyra,  Maminka  comata,  Mytilarca  sp.,  Patrocardia 


alifera,  Slava  discrepans,  S.  fibrosa,  S.  pelerina,  Spanila 
aspirans,  S.  cardiopsis,  Stolidotus  cactus,  S.  elongatus,  S. 
siluricus,  and  S.  trimerus.  Cephalopods:  mostly  frag¬ 
mented  and  subordinant  to  bivalves  include  Aptychopsis 
prima,  Arionoceras  affine,  A.  submoniliforme,  Columenoceras 
grande,  Phragmoceras  sp.  aff.  P.  broderipi,  Pseudocycloceras 
transiens,  and  P.  grueneioaldti.  Very  rare,  smooth,  articu¬ 
late  brachiopods  relatively  common,  with  well-preserved 
graptolites  ( Monograptus  priodon  flemingii  and  Colono¬ 
graptus  colonus).  Cephalopods  described  by  Gnoli  and 
Serpagli  (1991)  as  an  assemblage  with  Pseudocycloceras 
transiens  and  Columenoceras  grande,  but  because  of  lack  of 
stratigraphic  control,  these  authors  mixed  species  from 
Wenlock  and  Ludlow. 

LOCALITIES. — Italy — Sardinia,  Xea  S'Antonio,  Flumini¬ 
maggiore  (Kriz  and  Serpagli,  1993);  France — Montagne 
Noire,  Roquemaillere,  Combe  d'Yzarne,  and  Vigne  de  M. 
Sorgnes  near  Felines-Termenes  (Kriz,  1996). 

Colonograptus  Colonus  Zone 
Limestone 


Geographic  DISTRIBUTION.— Prague  Basin,  Bohemia 
(Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE. — Na  Brekvici  hill¬ 
side,  Praha-Butovice,  Prague  Basin,  Bohemia  (Kriz,  1961, 
1992).  Fine-  to  coarse-grained  cephalopod  limestone  as 
lenses  in  tuffaceous  shales  and  tuff,  Kopanina  Formation, 
Ludlow.  Age  determined  in  1961  by  H.  Jaeger,  who  iden¬ 
tified  Bohemograptus  bohemicus  bohemicus,  Colonograptus 
colonus,  C.  roemeri,  Monograptus  uncinatus,  Neodiverso- 
graptus  nilssoni,  Plectograptus  macilentus,  and  other  grap¬ 
tolites  from  the  cephalopod  limestone  (Kriz  et  al.,  1993). 
Conodonts  identified  by  FI.P.  Schonlaub  represent  the 
Ozarkodina  bohemica  Zone  (Kriz  et  al.,  1993).  The  same 
conodont  zone  was  identified  from  cephalopod  lime¬ 
stone  blocks  1/1  and  1/3  from  the  Xea  S'Antonio  locality, 
Fluminimaggiore,  Sardinia  by  E.  Serpagli  (Kriz  and 
Serpagli,  1993). 

Fossil  COMMUNITY  DESCRIPTION. — Cardiola  gibbosa  Com¬ 
munity  of  the  Cardiola  Community  Group  (Kriz  and 
Serpagli,  1993;  Kriz,  1997,  In  press).  Population  density 
and  diversity  high.  Post-mortem  accumulations  of  frag¬ 
ments  and  complete  shells  of  mostly  nektobenthic  cepha¬ 
lopods  provided  a  substrate  for  very  common  epibyssate 
bivalves  (76%).  Some  genera  ( Cardiola ,  Mila,  Patrocardia, 
Slavinka,  and  Spanila)  adapted  to  life  on  the  cylindrical 
shells  of  cephalopods  (Kriz,  1979,  1984).  Shell-hash  sedi¬ 
ment  suitable  for  infaunal  forms  (15.2%  Isiola,  Slava,  and 
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''Modiolopsis”),  semi-infaunal  forms  (1%  Modiolopsis 
senilis),  and  reclining  byssate  forms  (6.4%  Dualina, 
Maminka,  and  Procar  inaria).  Local  accumulations  of  ar¬ 
ticulated  juveniles  of  bivalves  and  brachiopods. 
Orthocones  strongly  oriented  by  current  activity.  Mostly 
disarticulated  (96%)  bivalves:  Actinopteria,  Butovicella 
migrans,  Cardiola  contrastans,  C.  gibbosa,  Dualina,  Isiola 
amplians,  Maminka  comata,  Manulicula  manulia,  Mila, 
Modiolopsis  senilis,  "M.”  sp,  Patrocardia,  Procarinaria 
zephyrina,  Praeostrea  bohemica,  Slava  bohemica,  S.  decurtata, 
S.  pelerina,  and  Slavinka.  Cephalopods:  an  assemblage 
with  Caliceras  capillosum  and  Pseudocycloceras  transiens  (5. 
Manda,  personal  commun.,  1997)  with  " Anaspyroceras” 
sp.  aff.  "A."  pseudocalarnitewn,  Aptychopsis,  Arionoceras, 
Caliceras  spinari,  Columenoceras,  Jonesoceras  jonesi,  Kiono- 
ceras  electum,  Mariaceras  pragense,  Ophioceras,  Peisrnoceras, 
Phragmoceras,  Plagiostomoceras,  Protobactrites,  Rizosceras, 
and  Sphooceras.  Gastropods  distinctly  subdominant  to 
bivalves.  Graptolites  relatively  common.  Non-vascular 
plants  ( Pachytheca  and  Prototaxites)  locally  abundant. 
Monoplacophorids  ( Drahomira  and  Undicornu)  rare;  trilo- 
bites  very  rare  and  mostly  disarticulated  ( Bumastus , 
Odontopleura,  and  Kosovopeltis). 

LOCALITIES. — Bohemia — Prague  Basin  (Figure  4),  Praha- 
Butovice,  Na  Brekvici,  Velka  Chuchle  railroad  station  at 
"colonie"  Krejcf  and  upper  part  of  the  Kavci  Hory  section 
(Kriz  et  al.,  1993). 

Upper  Saetograptus  Chimaera  Zone 
Limestone 


Geographic  DISTRIBUTION.— Sardinia,  Italy;  Montagne 
Noire,  France  (North  Gondwana);  Prague  Basin,  Bohemia 
(Perunica). 

Type  locality,  lithology,  and  age. — S' Antonio 
Donigala,  Sardinia.  Micritic  to  biomicritic,  dark  gray 
limestone,  Fluminimaggiore  Formation,  Ludlow.  E. 
Serpagli  identified  the  long-ranging  conodont  Ozarkodina 
excavata  excavata  from  block  6/7  (Kr iz  and  Serpagli,  1993). 
In  the  Prague  Basin,  Bohemia,  relatively  thin  layers,  lenses, 
and  nodules  of  cephalopod  limestone  occur  just  below  the 
Saetograptus  linearis  Zone  (Vonoklasy,  Lodenice-Sedlec). 

Fossil  COMMUNITY  DESCRIPTION.— Cardiola  donigala 
Community  and  Slava  cubicula-Cardiola  donigala  Commu¬ 
nity  (originally  published  as  Slava  cubicula-Cardiola  docens 
Community  by  Kriz,  1997,  In  press)  of  the  Cardiola  Com¬ 
munity  Group  (Kriz  and  Serpagli,  1993;  Kriz,  1996). 
Cardiola  donigala  Community  (Kriz  and  Serpagli,  1993) 
has  relatively  low  population  density  and  diversity.  Com¬ 


mon  nektobenthic  cephalopods  provided  a  substrate  for 
such  epibyssate  bivalves  as  Cardiola  consanguis,  C. 
donigala,  C.  sp.  cf.  C.  aff.  docens,  C.  sp.  cf.  signata,  Maminka 
comata,  Patrocardia  sp.  aff.  P.  calva,  P.  sp.  ,  and  Slavinka 
amarygma.  Abundant  unrevised  orthocone  cephalopods 
present.  Slava  cubicula-Cardiola  do?ugala  Community 
(Kriz,  1997,  In  press)  has  disarticulated  shells  in  micritic 
to  fossil-hash  limestone,  which  forms  a  25-30  cm-thick 
bed  in  tuffaceous  shales  at  the  Lod  nice-Sedlec  locality 
near  Beroun  (Kriz,  1970).  Bivalves:  Cardiola  donigala, 
Maminka  comata,  Mila,  Slava  cubicula,  Slavinka  damona,  and 
S.  iduna.  Cephalopods:  mostly  unrevised  assemblage  ($. 
Manda,  personal  commun.,  1997)  with  Arionoceras, 
Cyrtocycloceras,  Geisonoceras,  Kopaninoceras,  Michelino- 
ceras,  Octameroceras,  Oonoceras,  Ophioceras  simplex,  Ortho- 
cycloceras,  Peisrnoceras  asperum,  Pseudocycloceras,  and 
Tetrameroceras.  Non-vascular  plant  ( Prototaxites )  and  rare 
articulated  brachiopod  ( Septatrypa )  present. 

LOCALITIES. — Italy — Sardinia,  S'Antonio  Donigala; 
France — Montagne  Noire,  Roquemaillere,  Combe 
d'Yzarne;  Bohemia — Prague  Basin  (Figure  4),  Barrande's 
(1881)  Lodenice  (Lodenitz-e2)  locality  between  the  vil¬ 
lages  of  Sedlec  and  Lod  nice  near  Beroun  (Kriz,  1970), 
and  fields  west  of  Vonoklasy  near  Praha. 

Lower  Saetograptus  Linearis  Zone 
Limestone 


Geographic  DISTRIBUTION. — Morocco,  Spain,  France, 
Sardinia,  Austria  (North  Gondwana);  Prague  Basin, 
Bohemia  (Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Barrande's  (1881) 
test  pit  near  the  road  from  Kolednik  hamlet  to  Kon  prusy 
village  near  Beroun,  Prague  Basin,  Bohemia  (Kodym  et 
al.,  1931,  locality  no.  17).  Shell-hash  limestone  in 
Kopanina  Formation,  Ludlow.  Shales  above  the  limestone 
bed  yield  Bohemograptus  bohemicus  tenuis.  At  the  Muslovka 
no.  687  section  (Kriz,  1992)  near  Praha-Reporyje,  the 
zonal  species  Saetograptus  linearis  occurs  in  the  cephalopod 
limestone.  Conodonts  of  the  Polygnathoides  siluricus  Zone 
were  identified  in  cephalopod  limestones  at  the  Muslovka 
section  by  Schonlaub  (1980).  Very  characteristic  is  the  oc¬ 
currence  of  the  pelagic  ostracode  Entomis  migrans  in  this 
limestone  at  almost  all  known  localities  in  North 
Gondwana  and  Perunica  (Kriz,  1991,  1997,  In  press). 

Fossil  COMMUNITY  DESCRIPTION. — Cardiola  docens  Com¬ 
munity  of  the  Cardiola  Community  Group  (Kriz  and 
Serpagli,  1993;  Kriz,  1996, 1997,  In  press).  Population  den¬ 
sity  and  diversity  very  high.  Post-mortem  accumulations 
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FIGURE  6 — Prague  Basin,  Bohemia.  Silurian  synsedimentary  tectonics,  volcanic  centers,  and  fault-bounded  segments  (dotted  lines  indicate 
sections  in  Figure  7;  after  Kriz,  1991). 


of  mostly  nektobenthic  cephalopod  conchs  provided  a 
substrate  for  very  common  epibyssate  bivalves  (95-99%). 
Some  genera  ( Cardiola ,  Mila,  Patrocardia,  Slavinka,  and 
Sipanila)  especially  adapted  to  life  on  cylindrical  cephalo¬ 
pod  shells  (Kriz,  1979,  1984).  Shell-hash  on  bottom  also 
suitable  for  reclining  forms  ( Dualina  longiuscula,  D.  spp.). 
Local  accumulations  of  articulated  juveniles  of  bivalves 
and  brachiopods.  Bivalvia:  Butovicella  migrans,  Cardiola 
consanguis,  C.  docens,  C.  signata,  C.  spurius,  C.  tix,  Dualina 
longiuscula,  D.  sp.,  Mila,  Patrocardia  simplex,  Praecardium, 
Pygolfia  seladon,  Slavinka  imperficiens,  S.  distincta,  and 
Spanila.  Cephalopods:  assemblage  with  Sphooceras 
truncatum  (5.  Manda,  personal  commun.,  1997)  with  Kio- 
noceras  bacchus,  Kopaninoceras ,  Michelinoceras,  Octamero- 
ceras,  Oonoceras,  Ophioceras  simplex,  and  Rizosceras. 

LOCALITIES. — Italy — Sardinia,  Galemmu  locality, 
Fontanamare,  (Kriz  and  Serpagli,  1993);  Austria — Carnic 
Alps,  Rauchkofel  Boden  section,  bed  no.  3  (Schonlaub  and 
Bogolepova,  1994),  Mount  Cellon  section,  Cardiola  Forma¬ 
tion  (Schonlaub,  1980);  France — Montagne  Noire,  Combe 
d'Yzame  (Kriz,  1996);  Spain;  Morocco;  Bohemia — Prague 


Basin  (Figure  4),  Kolednik  near  Beroun,  Listice  (Kriz, 
1992);  Praha-Butovice,  Kovarovic  mez  (Kriz,  1992),  oldest 
part  exposed  in  the  Muslovka  Quarry  (Kriz,  1992)  and 
Velky  vrch  u  Koneprus  (Kriz,  1979). 

REMARKS. — General  uplift  of  the  eastern  Central  Seg¬ 
ment  of  the  Prague  Basin  (Kriz,  1991)  during  the  late 
Ludlow  and  locally  in  the  early  Pridoli  resulted  in  favor¬ 
able  conditions  for  development  of  cephalopod  limestone 
biofacies  (Figure  6).  Cephalopod  limestones  in  the 
Saetograptus  linearis-Monograptus  fragmentalis  Zones,  and 
even  up  to  the  Monograptus  lochkovensis  Zone  at  the 
Hvizdalka  locality  (Kriz  et  al.,  1986).  Almost  continuous 
cephalopod  limestone  sequences  occur  in  sections 
through  this  interval  in  such  Prague  Basin  localities  as 
Praha- Vyskocilka,  Praha- Velka  Chuchle,  Praha-Lochkov 
(Marble  Quarry),  Praha-Hvizdalka  and  Kosor.  Similar 
uplift  occurred  in  the  eastern  part  of  the  Western  Segment  of 
the  Prague  Basin  during  the  early  and  middle  Ludfordian, 
and  led  to  continuous  accumulation  of  the  cephalopod  lime¬ 
stone  facies  in  the  Saetograptus  linearis  and  Bohemograptus 
bohemicus  tenuis  Zones  at  Velky  vrch  u  Koneprus. 
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Upper  Saetograptus  Linearis  Zone 
Limestone 


GEOGRAPHIC  DISTRIBUTION. — Prague  Basin,  Bohemia 
(Perunica). 

Type  locality,  lithology,  and  age.— Muslovka 
Quarry  section,  Praha-fteporyje,  Prague  Basin,  Bohemia 
(Kriz,  1992),  a  fossil-hash  limestone  with  abundant 
cephalopods,  beds  no.  1-2  (Boucek,  1937,  p.  11,  layer  no. 
3).  Kopanina  Formation,  upper  part  of  Saetograptus 
linearis  Zone,  Ludlow  (lower  Ludfordian).  Abundant  oc¬ 
currence  of  trilobite  Metacalymene  baylei  characteristic  of 
this  cephalopod  limestone  at  all  Prague  Basin  localities. 

Fossil  COMMUNITY  DESCRIPTION.— Population  density 
and  diversity  high.  Mostly  nektobenthic  cephalopods, 
which  are  less  common  than  in  lower  Saetograptus  linearis 
Zone.  Common  epibyssate  bivalves  (95-99%).  Shell-hash- 
rich  sea  floor  better  oxygenated,  with  brachiopods 
( Bleshidium ,  Septatrypa )  and  trilobites  ( Diacanthaspis 
(Acanthalomina)  Encrinuraspis,  Metacalymene,  Otarion, 
Prantlia,  Prionopeltis,  etc.).  Bivalves:  Butovicella  migrans, 
Cardiola  docens,  C.  signata,  Patrocardia.  Cephalopods:  as¬ 
semblage  with  Phragnioceras  and  Protophragmoceras  (§. 
Manda,  personal  commun.,  1997)  with  Octameroceras, 
Oonoceras,  Oxygonioceras,  Rizosceras,  and  Trimeroceras. 
Brachiopods:  common  Bleshidium,  rare  Septatrypa  sapho. 
Trilobites  relatively  abundant  (Chlupac,  1987): 
Diacanthaspis  (Acanthalomina)  minuta,  Encrinuraspis 
beaumonti,  Metacalymene  baylei,  Otarion  diffractum, 
Prantlialongula,  and  Prionopeltis  praecedens.  Unrevised 
gastropods  present. 

LOCALITIES. — Bohemia — Prague  Basin  (Figure  4), 
Muslovka  Quarry  section  (Kriz,  1992);  Pozary  section 
(Kriz,  1992);  Kosov  Quarry  section  no.  777  (bed  no.  29) 
and  no.  778  (bed  no.  1)  (Kriz,  1992);  Dlouha  Hora,  south 
of  the  Kosov  Quarry  and  Velky  Vrch  u  Koneprus  (Kriz, 
1992). 

Bohemograptus  Bohemicus  Tenuis 
Zone  Limestone 


GEOGRAPHIC  DISTRIBUTION. — Prague  Basin,  Bohemia 
(Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  age.— Kosov  Quarry 
section  no.  782,  layer  no.  10  (Kriz,  1992),  Kopanina  For¬ 
mation,  Ludlow.  Shell-hash  limestone  developed  below 
layers  with  mass  occurrence  of  Atrypoidea  linguata. 


Fossil  COMMUNITY  DESCRIPTION.— Population  density 
and  diversity  of  cephalopods  high.  Bivalves  quite  rare, 
with  Cardiola  sp.  C.  aff.  eximia,  Mila.  Cephalopods:  an  as¬ 
semblage  with  Cyrtocycloceras  peccatum  (S.  Manda,  per¬ 
sonal  commun.  1997)  and  Geisonoceras,  Harrisoceras, 
Michelinoceras,  Octameroceras,  Oonoceras,  Ophioceras,  Para- 
kionoceras  sp.  cf.  P.  originate,  and  Sphooceras  truncatum. 
This  horizon  represents  the  Kosov-type  cephalopod  lime¬ 
stone  described  by  Ferretti  and  Kriz  (1995),  which  is  most 
probably  the  result  of  redeposition  by  the  surface  current 
in  a  shallow  environment  during  storm  events. 

In  the  eastern  part  of  the  Western  Segment  of  the 
Prague  Basin  (Velky  Vrch  u  Koneprus  locality)  on  a  bed¬ 
ding  surface  of  a  thick  cephalopod  bed,  there  is  a  coeval 
cephalopod  assemblage  with  Murchisoniceras  murchisoni 
(§.  Manda,  personal  commun.,  1997).  The  assemblage 
with  Cyrtocycloceras  peccatum  lived  on  the  gentle  slope  of 
the  Kosov  Volcano,  while  the  assemblage  with  Murch¬ 
isoniceras  murchisoni  lived  on  the  sea  floor  some  distance 
from  the  Kosov  volcanic  center.  There  are  transitions 
between  these  assemblages. 

LOCALITIES. — Bohemia — Prague  Basin  (Figure  4),  Kosov 
Quarry  section  no.  782  and  no.  418  B  (Kriz,  1992), 
Amerika  quarries  near  Karlstejn,  and  Lisci  Quarry  (Kriz, 
1992). 

Neocucullograptus  Kozlowskii 
Zone  Limestone 


Geographic  DISTRIBUTION.— Suva  Planina  Mountains, 
eastern  Serbia  (North  Gondwana);  Prague  Basin, 
Bohemia  (Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Pozary  section, 
Praha-Reporyje,  Prague  Basin,  Bohemia  (Krizet  al.,  1986), 
layers  no.  33-34,  Kopanina  Formation,  Ludlow.  Fossil- 
hash  limestone  developed  above  layers  with  mass  occur¬ 
rence  of  Atrypoidea  linguata,  and  just  below  horizon  with 
Ananaspis  fecunda.  The  Neocucullograptus  kozloivskii  Zone 
(Storch,  1995)  occurs  in  the  Kosov  Quarry  near  Beroun  at 
the  same  level.  Conodonts  of  the  Polygnathoides  siluricus 
Zone  (rich  fauna  with  P.  emarginatus  and  P.  siluricus)  was 
identified  by  Schonlaub  (1980)  from  this  level  at 
Muslovka  Quarry. 

Fossil  COMMUNITY  DESCRIPTION. — Cardiola  alata  Com¬ 
munity  of  the  Cardiola  Community  Group  (Kriz,  1997,  In 
press).  Population  density  and  diversity  very  high.  Sea 
floor  covered  with  shell  fragments;  post-mortem  accu¬ 
mulations  of  fragments  and  complete  shells  of  mostly 
nektobenthic  cephalopods  provided  substrate  for 
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byssate,  semi-infaunal  cardiolids  (47%).  Reclining 
bivalves  common  (35.5%  Dualina).  Some  genera  (Mila, 
Patrocardia,  Spanila,  Tenka )  epibyssate  (17.5%).  Local  accu¬ 
mulations  of  articulated  juveniles  of  bivalves  and  bra- 
chiopods.  Orthocones  strongly  oriented  by  current  activ¬ 
ity.  Bivalves:  Cardiola  alata,  C.  eximia,  C.  pectinata,  Dualina 
longiuscula,  Mila,  Patrocardia,  Praecardium,  Spanila,  and 
Tenka.  Cephalopods:  assemblage  with  Parakionoceras  and 
"Cyrtoceras"  parvulum  (§.  Manda,  personal  commun., 
1997).  In  the  vicinity  of  the  Nova  Ves  volcanic  center,  a 
cephalopod  fauna  includes  Arionoceras,  "Cyrtoceras" 
parvulum,  Cyrtocycloceras,  Geisonoceras,  Glossoceras,  Mich- 
elinoceras,  Octameroceras,  Oonoceras,  Ophioceras,  Para¬ 
kionoceras  sp.  aff.  P.  originale,  Pentameroceras  mirum, 
Protophragmoceras  beaumonti,  and  Sphooceras. 

LOCALITIES. — Bohemia — Prague  Basin  (Figure  4),  Praha- 
Vyskocilka  and  Praha-Slivenec  (Kriz,  1961);  Praha-Velka 
Chuchle  Praha-Lochkov  (Marble  Quarry),  Praha- 
Hvizdalka,  and  Kosor  (Kriz  et  al.,  1986);  Muslovka 
Quarry  section,  bed  no.  6  (Boucek,  1937,  p.  13;  Kriz,  1992, 
beds  no.  13-15);  Pozary  Section,  beds  no.  33-34  (Kriz, 
1992);  Praha-Butovice  and  Pod  Hradistem. 

Lowest  Monograptus  Latilobus 
Zone  Limestone 


Geographic  DISTRIBUTION.— Prague  Basin,  Bohemia 
(Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Barrande's  (1881) 
locality  in  the  upper  Kopanina  Formation  between  the  U 
Topolu  (Chlupac,  1972)  and  the  Marble  Quarry  section 
(Kriz,  1992)  near  Lochkov,  Prague  Basin,  Bohemia  (Kriz 
et  al.;  1986,  Kriz,  1992);  fossil-hash  limestone  with  abun¬ 
dant  cephalopods,  horizon  with  Ananaspis  fecunda, 
Ludlow  (Ludfordian). 

Fossil  COMMUNITY  DESCRIPTION.— Bivalves  relatively 
rare:  Cardiola  signata  and  Patrocardia  spp.  Cephalopods 
include  Cumingsoceras  sacheri,  Glossoceras,  Lechritro- 
choceras  placidum,  L.  simulans,  L.  trochoides,  Mandaloceras, 
Oocerina,  Ophioceras,  and  Trimeroceras  cylindricum  (Sv. 
Manda,  personal  commun.,  1997).  Relatively  abundant 
but  unrevised  gastropods. 

LOCALITIES. — Bohemia — Prague  Basin  (Figure  4),  locali¬ 
ties  at  Butovice  and  tectonic  blocks  southwest  of 
Kovarovic  mez  (Kriz,  1992);  Praha- Vyskocilka,  Praha- 
Velka  Chuchle,  Praha-Lochkov  (Marble  Quarry),  Praha- 
Hvizdalka  and  Kosor  (Krizet.  al.,  1986;  Kriz,  1992). 


Limestone  in  Monograptus 
Fragmentalis-M.  Parultimus  Zones 

Geographic  DISTRIBUTION.— Carnic  Alps,  Austria;  Suva 
Planina  Mountains,  eastern  Serbia  (North  Gondwana); 
Prague  Basin,  Bohemia  (Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Cephalopod 
quarry,  Praha-Lochkov,  Prague  Basin,  Bohemia  (Kriz, 
1992).  Fossil-hash  cephalopod  limestones  in  more  than  1 
m-thick  bed,  in  Monograptus  fragmentalis  Zone  to  top  of 
M.  parultimus  Zone,  Kopanina  Formation.  At  Hvizdalka 
section  near  Praha-Radotrn,  Prague  Basin,  Bohemia  (Kriz 
et  al.,  1986),  cephalopod  limestones  up  to  Monograptus 
lochkovensis  Zone  (shales  just  above  the  cephalopod  lime¬ 
stone  correspond  to  M.  pridoliensis  Zone).  Conodonts 
from  upper  part  of  Ozarkodina  snajdri  Zone  through  O. 
crispa  and  up  to  lowermost  O.  remscheidensis  eostein- 
hornensis  Zones  (Schonlaub  in  Kriz  et  al.,  1986)  . 

Fossil  COMMUNITY  DESCRIPTION—  Cardiola  conformis 
Community  in  uppermost  Ludlow  and  Cardiolinka 
bohemica  Community  in  lowermost  Pridoli,  Cardiola  Com¬ 
munity  Group  (Kriz,  1997,  in  press). 

The  Cardiola  conformis  Community  features  mostly 
disarticulated  (86%-90%)  shells  in  shell-hash  limestones 
with  abundant  nektobenthic  cephalopods.  Epibyssate 
bivalves  dominant  (60-69%),  reclining  forms  relatively 
common  (23-38%),  infaunal  forms  only  at  some  horizons 
(7%).  Orthoconic  cephalopod  conchs  strongly  oriented  by 
SSW-NNE  currents.  Very  condensed,  slow  sediment  ac¬ 
cumulation  rate  with  some  breaks.  Population  density 
and  diversity  very  high.  Bivalves:  Butovicella  medea, 
Cardiola  conformis,  C.  cornucopiae,  C.  navicula,  Cardiolinka 
bohemica,  Dualina  longiuscula,  Patrocardia,  Spanila,  and 
Tetinka.  Cephalopods  include  "Cyrtoceras"  quasirectum, 
Dawsonocerina  caelebs,  Geisonoceras  nobile,  G.  rivale,  G. 
severum,  G.  socium,  Glossoceras,  Hexameroceras,  Kionoceras 
neptunicum,  Kosovoceras  nodosum,  K.  sandbergeri,  Lechritro- 
choceras  degener,  Michelinoceras  sp.  cf.  M.  michelini,  Oocer¬ 
ina  lentigradum,  Oonoceras  acinaces,  O.  sociale,  Ophioceras 
simplex,  Sactoceras  pellucidum,  and  Tetrameroceras  (Turek, 
1992;  $.  Manda,  personal  commun.,  1997).  Gastropod  and 
bivalve  juveniles  abundant,  trilobites  generally  very  rare: 
Cerauroides,  Cromus,  and  Denckmannites.  Unrevised  gas¬ 
tropods,  very  rare  brachiopods  (Jarovathyris  canaliculata, 
Lissatrypa  postfumida,  Orthostrophia  mulus,  and  Stenor- 
hynchia  infelix),  and  rare  graptolites. 

The  Cardiolinka  bohemica  Community  features 
mostly  disarticulated  bivalves  in  shell-hash  limestone 
with  relatively  common  nektobenthic  cephalopods. 
Cephalopod  limestone  just  above  limestone  with  Cardiola 


Recurrent  Silurian-Lowest  Devonian  Cephalopod  Limestones  of  Gondwanan  Europe  and  Perunica 


193 


conformis  Community.  Cardiolinka  bohemica  Community 
differs  by  having  60-69%  epibyssate  forms  and  by  much 
higher  density  of  monospecific  populations  of  infaunal  C. 
bohemica,  which  is  rarely  associated  with  the  dominantly 
epibyssate  forms  in  older  rocks.  This  community  repre¬ 
sents  a  functional  change  in  the  community  group,  with 
abrupt  change  in  environmental  conditions  (Kriz,  1997, 
In  press).  Current  activity  somewhat  lower  than  in  older 
rocks  with  Cardiola  conformis  Community.  Depth  change 
negligible;  however,  bottom  composition  is  a  comparable 
fossil-hash,  so  change  probably  limited  to  conditions  re¬ 
lated  to  water  circulation,  food  supply,  and  temperature 
(Kriz,  1997,  In  press).  In  Bohemia,  the  interval  with  the  C. 
bohemica  Community  is  the  stratigraphically  highest 
shell-hash  limestone  with  cephalopods  before  the  accu¬ 
mulation  of  micrites  and  calcareous  shales  began  in  the 
earliest  Pridoli  (Kriz  et  al.,  1986;  Kriz,  1991).  Bivalves: 
Cardiolinka  bohemica,  Dualina  longiuscula,  Patrocardia, 
Praeostrea  bohemica,  and  Spanila.  Cephalopods  (§.  Manda, 
personal  commun.,  1997):  Cumingsoceras,  Dazvsonocerina 
caelebs,  Geisonoceras,  Hexameroceras  panderi,  Kopa- 
ninoceras,  Mandaloceras,  Michelinoceras,  Octameroceras 
rimosum,  Oocerina,  Oonoceras,  Ophioceras  simplex,  Ovo- 
cerina,  Parakionoceras  originale,  P.  striatopunctatum, 
Peismoceras,  Plagiostomoceras  protobactritids,  Rizosceras, 
Temperoceras,  and  Umbeloceras.  Abundant  juvenile 
bivalves  and  gastropods;  locally  very  common  Mono- 
graptus  parultimus ;  rare  trilobites  ( Prionopeltis  striata, 
S chary ia  nympha). 

LOCALITIES. — Eastern  Serbia — Suva  Planina  Mountains, 
upper  Ludlow  (Kriz  and  Veselinovic,  1975);  Austria — 
Camic  Alps,  Rauchkofel  Boden  section,  base  of  bed  no.  4, 
lower  Pridoli  (Schonlaub  and  Bogolepova,  1994); 
Bohemia — Prague  Basin  (Figure  4),  Kosov  Quarry,  upper 
Ludlow  (Kriz,  1992);  Praha-Lochkov,  cephalopod  quarry, 
upper  Ludlow  and  lowermost  Pridoli  (Kriz,  1992);  Praha- 
Pankrac,  Praha-Kavci  Hory,  Praha-Branik  (Kriz,  1992), 
Praha-Konvarka,  Praha-Velka  Chuchle,  upper  Ludlow; 
Praha-Lochkov,  Marble  Quarry  (Kriz  et  al.,  1986),  upper 
Ludlow;  Praha-Hvizdalka  (Kriz  et  al.,  1986)  and  Kosor, 
upper  Ludlow  and  lower  Pridoli. 

Upper  Monograptus  Transgrediens 
Zone  Limestone 


Geographic  DISTRIBUTION.— Prague  Basin,  Bohemia 
(Perunica). 

Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Pozary  section, 
Praha-fteporyje,  Prague  Basin,  Bohemia  (Krizet  al.,  1986), 
lower  part  of  fossil-hash  limestone  bed  no.  136  of  Pozary 


Formation,  upper  Monograptus  transgrediens  Zone, 
Pridoli.  Bed  recorded  only  in  vicinity  of  the  Nova  Ves  vol¬ 
canic  center  (Kriz,  1991),  just  below  common  occurrences 
of  brachiopod  Dnbaria  latisinuata. 

Fossil  COMMUNITY  DESCRIPTION. — Bivalves:  Cardiolinka 
sp.  cf.  C.  concubina  and  Dualina  sp.  Cephalopods  (§. 
Manda,  personal  commun.,  1997):  Corbuloceras  corbn- 
latum,  Dazvsonocerina  omega,  Kopaninoceras,  Michelinoceras, 
Oonoceras,  Ophioceras  simplex,  and  Orthocycloceras? 
fluminese.  Stems  and  stem  plates  of  Scyphocrinites  and 
bryozoans. 

LOCALITIES. — Bohemia — Prague  Basin  (Figure  4),  locali¬ 
ties  in  Daleje  Valley  near  fteporyje  that  include  the  Pozary 
section,  bed  no.  136  (Kriz  et  al.,  1986);  the  Muslovka- 
(ierny  lorn  section,  bed  no.  20  (Boucek,  1937,  p.  17);  and 
Na  Brio.  section  near  Srbsko  (Kriz,  1992). 

REMARKS. — Continuing  uplift  of  the  eastern  Central  Seg¬ 
ment  of  the  Prague  Basin  (Kriz,  1991)  during  the  Pridoli 
resulted  in  favorable  conditions  for  almost  uninterrupted 
development  of  cephalopod  limestones  in  the 
Monograptus  transgrediens  Zone.  Almost  continuous 
cephaiopod  limestones  are  found  in  sections  through  this 
interval  in  the  Nova  Ves  volcanic  center  and  Reporyje 
volcanic  center  regions  (Kriz,  1991)  at  localities  at  Praha- 
Nova  Ves,  Hradiste,  Praha-Zadni  Kopanina  and  Praha- 
Pridoli.  At  the  Praha-Zadni  Kopanina  locality,  almost  the 
entire  Pridoli  is  represented  by  the  Monograptus  trans¬ 
grediens  Zone  in  a  very  condensed  sequence  (only  up  to 
about  6  m).  Increased  thickness  (i.e.,  almost  60  m)  in  the 
western  Central  Segment  and  in  the  Western  Segment  of 
the  Prague  Basin  (Kriz,  1991)  corresponds  to  a  shallow 
environment  on  an  elevation  related  to  the  Wenlock  Nova 
Ves  volcanic  center  and  the  fteporyje  volcanic  center 
(Kriz,  1991).  This  elevation  was  separated  from  sediment 
sources  by  surrounding  deeper  parts  of  the  basin.  The 
sequence  developed  as  lenticular,  cephalopod  limestone 
horizons  within  beds  of  micrite.  The  cephalopod  shells 
are  strongly  current-oriented  and  mixed  with  Scypho¬ 
crinites  stems,  relatively  common  gastropods,  and  rare 
specimens  of  the  brachiopod  Hebetoechia  hebe.  The 
environment  was  probably  very  oxic  and  featured  bryo¬ 
zoans,  crinoids  and  brachiopods. 

Uppermost  Monograptus 
Transgrediens  Zone  Limestone 

Geographic  DISTRIBUTION. — Carnic  Alps,  Austria,  and 
Suva  Planina  Mountains,  eastern  Serbia  (North 
Gondwana);  Prague  Basin,  Bohemia  (Perunica). 
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Kriz 


Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Budnany  Rock 
section,  beds  no.  40-41,  Karlgtejn,  Prague  Basin,  Bohemia 
(Chlupa£  et  al.,  1972).  Bed  of  fossil-hash  limestone  with 
abundant  and  mostly  fragmentary  cephalopods,  Pozary 
Formation,  Pridoli.  Monograptus  transgrediens  in  upper¬ 
most  level  of  bed  no.  40.  Monograptus  uniformis  uniformis 
just  above  bed  no.  41  and  in  the  shale  intercalation  no. 
41/42.  Conodonts  of  Ozarkodina  remscheidensis  eostein- 
hornensis  Zone  (H.P.  Schonlaub  in  Kr iz  et  al.,  1986). 

FOSSIL  COMMUNITY  DESCRIPTION. — loachymia-Cardiolinka- 
Py golf  id  Community  of  the  Snoopyia  Community  Group 
(Kriz,  1997,  In  press).  Disarticulated  bivalves:  Cardiolinka 
concubina,  C.  fortis,  Dualina  inexplicata,  Dualina  sp.  cf.  D. 
longiuscula,  Joachymia  falcata,  J.  impatiens,  Leptodesma, 
Praecardium,  Praeostrea  bohemica,  Pterinopecten  (P.)  cybele 
cybele,  Pygolfia  nina,  P.  radiata,  Snoopyia  insolita,  and  S. 
veronika.  Infaunal  bivalves  dominant  (66.7%  Cardiolinka, 
Pygolfia,  Dualina,  Snoopyia,  and  Praecardium)-,  epibyssate 
bivalves  relatively  abundant  (26%  Joachymia, 
Pterinopecten,  and  Spanila );  semi-infaunal  Leptodesma 
4.4%;  reclining  Dualina  and  Praeostrea  2.8  %.  Cephalopods 
(§.  Manda,  personal  commun.,  1997):  actinoceratids, 
Arionoceras,  Columenoceras  sp.  cf.  C.  subannulare,  Cor- 
buloceras  corbulatum,  Cumingsoceras,  Dawsonocerina  omega, 
Hexameroceras,  Kopaninoceras,  Mandaloceras,  Michelino- 
ceras,  Ophioceras  simplex,  Orthocycloceras?  fluminese,  Peis- 
moceras,  Rhizosceras  mundum,  "R.”  intermedium,  Sactoceras, 
and  Umbeloceras.  According  to  Gnoli  and  Serpagli  (1991), 
the  cephalopod  assemblage  has  Kopaninoceras?  thyrus  and 
Orthocycloceras?  fluminese.  Cephalopods  mostly  strongly 
current-oriented  SSW-NNE.  Population  densities  rela¬ 
tively  high.  Phyllocarid  crustaceans  ( Ceratiocaris 
bohemica),  juvenile  bivalves,  and  gastropods. 

LOCALITIES. — Austria — Carnic  Alps,  Rauchkofel  Boden 
section,  bed  no.  6  (Schonlaub  and  Bogolepova,  1994); 
Italy — Sardinia,  Mason  Porcus  (Gnoli  and  Serpagli,  1991, 
Kriz  and  Serpagli,  1993);  eastern  Serbia — Suva  Planina 
Mountains,  Rebrina  locality  (Kriz  and  Veselinovic,  1974); 
Bohemia — Prague  Basin  (Figure  4),  localities  at  Karlstejn, 
Budnany  Rock  section;  Karlstejn,  beds  no.  40-41  (Chlupac 
et  al.,  1972);  southern  slopes  of  Plesivec  and  Haknova 
hills  near  Karl§tejn  and  Hlasna  Trebah  and  Lejskov  Hill 
near  Beroun  (Kriz,  1992)  . 

Lower  Monograptus  Uniformis 
Uniformis  Zone  Limestone 


Geographic  DISTRIBUTION.— Massif  Armoricain,  la 
Meignanne,  France;  Sardinia,  Mason  Porcus;  Morocco;  Alge¬ 
ria  (North  Gondwana);  Prague  Basin,  Bohemia  (Perunica). 


Type  LOCALITY,  LITHOLOGY,  AND  AGE.— Antipleura 
Gorge  near  Praha-Radotin,  Prague  Basin,  Bohemia,  bed 
13  (Chlupac  et  al.,  1972).  Bed  of  biomicrite  and  cephalo¬ 
pod  limestone  with  graptolite  Monograptus  uniformis 
uniformis  and  trilobite  Warburgella  rugulosa  rugosa,  lower¬ 
most  Lochkovian,  Lower  Devonian. 

Fossil  COMMUNITY  DESCRIPTION.— In  general,  very  high 
diversity  and  high  population  density.  Antipleura 
bohemica  Community  of  the  Antipleura-Hercynella  Com¬ 
munity  Group  (Kriz,  1997,  In  press).  Bivalves:  common 
articulated  Antipleura  bohemica  (40.2%),  Actinopteria, 
Dualina  major,  Jahnia,  Leptodesma,  Neklania,  Mytilarca, 
Panenka,  Paracyclas,  Patrocardia  bohemica,  P.  evolvens, 
Praelucina,  Praeostrea,  Pterinopecten  (P.),  Silurina,  Spanila, 
Vevoda,  and  Vlasta.  Infaunal  bivalves  more  than  40% 
(Dualina  major,  Panenka,  Praelucina,  Vlasta,  etc.);  reclining 
bivalves  ( Antipleura ,  Dualina,  and  Silurina)  about  41%; 
epibyssate  forms  ( Mytilarca ,  Patrocardia,  Pterinopecten, 
and  Spanila)  relatively  common  (16-18%);  semi-infaunal 
Leptodesma  (0.8%)  relatively  rare.  Cephalopods  (§. 
Manda,  personal  commun.,  1997):  Endoplectoceras,  Hemi- 
cosmorthoceras  sp.  cf.  H.  semimbricatinn,  Jovellania,  Kopan¬ 
inoceras  floweri,  Michelinoceras,  Mimogeisonoceras,  Oonoceras, 
Orthocycloceras  pseudoextensum,  Parakionoceras,  Plagio- 
stomoceras,  Sphaerorthoceras,  and  Sthenoceras.  Cephalo¬ 
pods  strongly  current-oriented.  Trilobites  rare  ( Otarion 
and  Warburgella  rugulosa  rugosa),  rare  graptolites  ( Mono¬ 
graptus  uniformis  uniformis),  local  accumulations  of  juve¬ 
nile  bivalves  and  gastropods. 

LOCALITIES. — Austria — Carnic  Alps,  Rauchkofel  Boden 
section,  bed  no.  8  (Schonlaub  and  Bogolepova,  1994); 
France — Massif  Armoricain,  la  Meignanne  locality  (Kriz 
and  Paris,  1982);  Italy — Sardinia,  Mason  Porcus  locality, 
bed  no.  MP  6  (Kriz  and  Serpagli,  1993)  and  Corti  Baccas 
3rd  section  (Gnoli,  1984);  western  Macedonia  (Boucek  et 
al.,  1968);  Algeria — Erg  Dzemel  section  southwest  of 
Beni- Abbes,  El-Kseib  locality  (Horny,  1975);  Bohemia — 
Prague  Basin  (Figure  4),  localities  Antipleura  Gorge,  bed 
no.  13  (Chlupac  et  al.,  1972);  Praha-Podoli  locality,  bed  no. 
10  (Chlupac  et  al.,  1972);  Praha-Mala  Chuchle,  Barrande's 
Rocks  section. 

Interpretation  of  Cephalopod 
Limestones 


I  he  stratigraphic  context  of  cephalopod  limestones  in 
the  Silurian  is  best  known  from  the  Prague  Basin, 
Bohemia  (Kriz,  1991,  1992;  Ferretti  and  Kriz,  1995).  As 
discussed  above,  cephalopod  limestones  developed  on 
the  sea  bottom  when  surface  currents  oxygenated  the  sea 
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bottom  below  wave  base.  This  situation  prevailed  during 
two  different  sorts  of  events:  lowstands  with  eustatic  os¬ 
cillations,  and  uplift  of  the  basin  with  synsedimentary 
tectonics  (Kriz,  1991).  It  is  difficult  to  distinguish  between 
these  two  mechanisms,  except  by  comparing  the  strati¬ 
graphic  positions  of  the  cephalopod  limestones  in  differ¬ 
ent  basins  of  North  Gondwana  and  Perunica. 

We  assume  that  synsedimentary  tectonics  varied 
between  different  basins.  This  means  that  lowstands 
caused  by  uplift  of  basin  segments  will  not  be  contempo¬ 
raneous  in  different  basins  or  even  within  one  basin,  and 
that  cephalopod  limestones  will  occur  at  different  strati¬ 
graphic  levels.  Lowstands  caused  by  eustatic  oscillation 
will  be  contemporaneous  in  different  basins,  and  cepha¬ 
lopod  limestones  will  occur  at  the  same  stratigraphic 
levels. 

Occurrences  of  cephalopod  limestones  in  the 
Gondwana  and  Perunica  basins  are  shown  in  Figure  5. 
Cephalopod  limestones  in  the  Testograptus  testis,  Colono- 
graptus  colonus,  upper  Saetograptus  chimaera,  lower  S. 
linearis,  Monograptus  fragmentalis  and  M.  ultimus,  upper 
M.  transgrediens,  and  lower  M.  imiformis  uniformis  Zones 
occur  in  several  basins.  This  may  indicate  eustatic 
lowstands,  of  which  most  are  in  agreement  with  the  stan¬ 
dard  Silurian  sea-level  curve  (Johnson,  1996)  and  with 
the  representative  sea-level  curve  for  Bohemia  (J.  Kr  iz  in 
Johnson,  1996,  fig.  2d).  Other  occurrences  may  be  inter¬ 
preted  as  lowstands  caused  by  synsedimentary  tectonics. 

An  example  from  Austria  that  illustrates  eustatic 
control  is  the  cephalopod  limestone  in  the  Testograptus 
testis  Zone  in  the  Carnic  Alps  (Rauchkofel  Boden  section 
of  Schonlaub  and  Bogolepova,  1994).  This  limestone  is 
the  lowest  Silurian  transgressive  deposit  above  the  shal¬ 
low  water.  Upper  Ordovician,  cystoid-bearing,  massive 
Wolayer  Limestone.  An  example  from  the  Prague  Basin, 
Bohemia,  documents  uplift  of  the  eastern  Central  Seg¬ 
ment  of  the  basin  (Kriz,  1991)  by  synsedimentary  tecton¬ 
ics  (Figures  6  and  7)  during  the  late  Ludlow  and  Pridoli 
( Saetograptus  linearis  through  Monograptus  transgrediens 
Zones;  Figure  5).  As  a  result  of  this  epeirogenic  activity 
and  because  of  almost  continuous  surface  currents  in  the 
area,  the  cephalopod  limestone  biofacies  is  locally  an  al¬ 
most  continuous  deposit. 

It  is  interesting  that  surface  currents  also  affected 
basins  during  highstands  in  the  Silurian.  In  the  Prague 
Basin,  cephalopod  limestones  are  developed  almost  con- 


FIGURE  7 — (opposite)  Relationships  between  Silurian  synsedimentary 
movements,  volcanic  activity,  and  main  sea-level  changes  in  the  Prague 
Basin.  Location  of  growth  faults  and  sections  in  Figure  6  (after  Kriz, 
1991). 


tinuously  in  the  eastern  Central  Segment  from  the  lower 
Saetograptus  linearis  through  the  Monograptus  lochkovensis 
and  into  the  M.  transgrediens  Zones,  while  in  other  parts 
of  the  basin  cephalopod  limestones  appear  at  the  same 
levels  as  in  North  African  Gondwana  regions  (Figure  5). 
A  similar  continuous  development  of  the  lithofacies  is 
found  in  the  Montagne  Noire  and  in  Sardinia  between 
the  Testograptus  testis  and  Colonograptus  colonus  Zones 
(Figure  5). 

It  is  necessary  to  explain  the  absence  of  cephalopod 
limestones  from  some  basins  at  levels  where  they  should 
appear  based  on  the  correlations  of  eustatic  changes.  This 
is  likely  due  to  the  specific  synsedimentary  tectonics  of 
particular  basins,  where  lowstands  corresponded  to  sub¬ 
sidence  of  the  basinal  floor. 
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ABSTRACT — Deposition  of  Silurian  cephalopod  limestone 
beds  from  north  Asia  was  related  to  eustatic  changes.  Three 
depositional  settings  are  recognized.  Accumulation  of  black 
cephalopod  limestones  in  the  East  Siberian  Basin  was  initiated 
by  the  Early  Silurian  transgression.  Rapid  sea-level  rise  led  to 
formation  of  an  upivelling  zone  at  the  margins  of  the  basin, 
where  the  cephalopod  facies  formed.  Cephalopod-rich  Upper  Si¬ 
lurian  limestones  of  Taimir,  Novaya  Zemlya,  and  Tien-Shan 
are  in  many  ways  similar  to  the  east  Siberian  sedimentary 
rocks,  but  eustatic  fall  took  place  during  their  deposition.  A 
relatively  shalloiv-water  cephalopod  limestone  facies  occurs  in 
the  upper  Llandoven/-lower  Wenlock  of  the  Altai-Sayan  and  in 
the  lower  Ludlow  of  the  south  Urals,  and  is  probably  the  result 
of  redeposition. 


Introduction 


Cephalopod  limestones  occur  at  many  stratigraphic  lev¬ 
els  in  the  Silurian,  and  in  most  cases  are  globally  distrib¬ 
uted.  They  have  been  examined  from  the  viewpoint  of 
their  sedimentology,  lithology,  microfacies,  taxonomy, 
paleoecology,  and  paleocurrents  (Miagkova,  1967; 
Khvorova  and  Grigoriev,  1974;  Kriz,  1979,  1992;  Gnoli  et 
al.,  1979;  Bourrouilh,  1981;  Gnoli,  1984;  Wendt  and 
Aigner,  1985;  Ferretti,  1989;  Holland  et  al.,  1994;  Ferretti 
and  Kriz,  1995;  Bogolepova  and  Holland,  1995).  Al¬ 
though  there  are  still  controversies  regarding  interpreta¬ 
tions  of  some  cephalopod  limestones,  the  available  infor¬ 
mation  suggests  some  essential  and  shared  conditions  for 
their  formation.  The  objective  of  this  report  is  to  relate  the 
Silurian  cephalopod  limestone  beds  from  North  Asia  to 
eustatic  changes. 


Material 


EASTERN  Siberia. — Silurian  (Mojerokan  Formation, 
Llandovery)  cephalopod  limestones  in  eastern  Siberia  are 
known  from  sections  along  the  Mojero,  Letnyaya,  Levaya 
Tanda,  and  Kurejka  rivers,  from  boreholes  on  the 


Fat'yamkha  River,  and  from  the  Norilsk  region 
(Miagkova,  1967;  Bogolepova  and  Kriz,  1995;  Bogo¬ 
lepova,  1995,  1996a)  (Figure  1).  They  are  represented  by 
black  bituminous  limestones  of  different  thicknesses 
(from  15  cm  to  5  m)  with  numerous  cephalopod  conchs 
and  conodont  elements  and  rare  remains  of  brachiopods, 
gastropods,  trilobites,  and  bivalves. 

The  most  striking  example  is  from  the  Mojero  River 
section  (Bogolepova  and  Holland,  1995).  The  30  cm-thick 
bed  contains  abundant  cephalopods,  conodonts,  rare  bra¬ 
chiopods,  and  trilobites.  The  cephalopod  limestone  is  as¬ 
signed  to  the  Distomodus  kentuckyensis  (conodont)  Zone. 
Graptolites  collected  from  the  overlying  shales  narrow 
this  interval  to  the  Parakidograptus  acuminatus  Zone 
(Bogolepova,  1996a). 

The  basal  beds  in  the  Fat'yanikha  borehole  are  dolo- 
mitic  marls  that  are  overlapped  unconformably  by  black 
Silurian  shales  with  small  lenses  and  interbeds  of  black 
cephalopod  limestones.  Graptolites  suggest  that  the  en¬ 
closing  rocks  belong  to  the  Coronograptus  cyphus  Zone 
(Bogolepova  and  Kriz,  1995). 

TAIMIR. — In  Taimir,  in  the  northern  facial  zone,  the 
Nizhnyaya  Taimira  River  section  (Figure  1)  has  been 
studied  by  Zlobin  (1962, 1965).  The  Wenlock-Pridoli  age 
of  this  succession  was  established  by  Berger  et  al.  (1991). 
The  Middendorf  Formation  (145  m-thick)  consists  of 
black  graptolitic  shales  with  interbeds  (from  20  cm  to  2 
m)  and  small  nodules  of  clayey  micritic  limestones  with 
accumulations  of  oriented  orthoconic  cephalopods  with 
bivalves  (Cardiolidae),  ostracodes  (Entomozoidae),  and 
rare  trilobites,  gastropods,  and  brachiopods  (Kriz  and 
Bogolepova,  1995).  Four  cephalopod  levels  can  be  recog¬ 
nized  in  this  sequence.  They  are  developed  in  the 
middle  Ludlow  (uppermost  Gorstian-Ludfordian),  up¬ 
per  Ludlow,  lowermost  Pridoli,  and  uppermost  Pridoli 
(Figure  2).  Although  the  sequences  from  north  Taimir 
are  characterized  by  abundant  graptolites  (Obut  et  al., 
1965),  correlation  of  the  cephalopod  beds  with  regard 
into  the  standard  graptolite  zonation  is  still  uncertain. 
More  taxonomic  work  needs  to  be  done  with  these 
collections. 
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FIGURE  1 — Distribution  of  Silurian  cephalopod  limestones  in  north  Asia.  1,  eastern  Siberia  (Bogolepova,  1995;  Bogolepova  and  Holland,  1995). 
2,  Altay-Sayan  region  (data  from  Kulkov,  1967;  Vladimirskaya,  1978;  and  Kulkov  et  al.,  1985).  3,  Tien-Shan  (data  from  Nikiforova  and  Obut,  1965; 
Kim  and  Larin,  1968;  Obut  et  al.,  1968).  4,  Novaya  Zemlya  (data  from  Nekhorosheva,  1981).  5,  south  Urals  (data  from  Leonenok,  1955;  Khvorova 
and  Grigoriev,  1974).  6,  Taimir  (Zlobin,  1962,  1965;  Berger  et  al.,  1991;  Kriz  and  Bogolepova,  1995;  Bogolepova,  1996b). 


NOVAYA  Zemlya. — The  Nekhvatov  Formation  (Ludlow) 
in  the  Kuznetsova  River  section  (Figure  1)  is  1,500 
m-thick  and  consists  largely  of  shales  (Nekhorosheva, 
1981).  The  lower  200  m  is  characterized  by  black  mud¬ 
stones  with  small  lenses,  concretions  (diameter  10  cm), 
and  thin  interbeds  (3-5  cm)  of  grey  to  black  limestone. 
The  concretions  contain  small  orthoconic  cephalopods.  In 
the  thin  interbeds,  there  are  accumulations  of  long,  slen¬ 
der,  oriented  cephalopods  with  bivalves  (Cardiolidae), 
ostracodes,  and  gastropods  (Bogolepova  and  Holland, 
1995). 

TlEN-SHAN. — On  the  eastern  slope  of  the  Alai  mountain 
region  in  the  Koksu  River  basin,  dark  grey  limestones 
with  abundant  orthoconic  cephalopods  and  cardiolids 
have  been  described  on  Ak-Bogus  Creek  (Figure  1).  The 
age  of  beds  has  been  determined  as  late  Wenlock?-early 
Ludlow?  (Nikiforova  and  Obut,  1965).  No  additional  in¬ 
formation  is  available. 

The  Kurgan  Formation  (Ludlow)  in  the  section  on 
the  southern  slope  of  Mount  Merishkor  in  northern 
Nura-Tau  largely  consists  of  shales  (Kim  and  Larin,  1968). 
The  lower  90  m  is  characterized  by  black  mudstones  with 
interbeds  of  grey  to  black  limestones  that  have  abundant 


orthoconic  cephalopods,  ostracodes,  and  rare  brachio- 
pods.  Graptolites  ( Pristiograptus  dubius  and  Bohemo- 
graptus  bohemicus)  have  been  found  in  the  black  shales. 
The  cephalopod  beds  are  referred  to  the  Neodiver sograptus 
nilssoni  Zone  (Obut  et  al.,  1968). 

ALTAI-SAYAN. — The  lower  part  of  the  Chagyr  Formation 
crops  out  on  the  east  side  of  the  Yavorka  River  (Figure  1) 
at  Rossypnaya  Hill.  Light  grey  to  red  massive  limestones 
occur  at  the  base  of  the  formation  near  Talyi  village  in  the 
Gornyi  Altai  (Altai-Sayan  region)  (N.P.  Kulkov,  1994,  per¬ 
sonal  commun.).  The  beds  are  referred  to  the  Ptero- 
spathodus  amorphognathoides  (conodont)  Zone.  The  fauna 
includes  brachiopods,  trilobites,  gastropods,  crinoids, 
and  corals  that  indicate  a  Wenlock  age  (Kulkov,  1967; 
Krasnov  et  al.,  1983). 

In  western  Tuva  (Figure  1)  on  the  west  side  of  the 
River  Alash  near  the  Akdovurak-Abaza  bridge,  the  Alash 
beds  (Llandovery)  are  exposed  along  the  road.  Their 
basal  part  consists  of  thick,  red  and  pink,  crinoidal  and 
stromatoporoid-coral  limestones.  These  include  inter¬ 
beds  of  cephalopod  limestone  with  numerous  oriented 
orthocones.  Conodonts  indicate  that  the  beds  belong  to 
the  Spathognathodus  celloni  Zone  (Bogolepova  and 
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FIGURE  2 — Stratigraphic  position  of  cephalopod  limestones  (in  black)  from  north  Asia. 
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Holland,  1995;  see  references  to  Vladimirskaya,  1978,  and 
Kulkov  et  al.,1985). 
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SOUTH  Urals. — On  the  western  slope  of  the  south  Urals 
(Figure  1)  in  the  Sakmaro-Ilek  facies  zone  (Puchkov,  1979; 
Ivanov  and  Puchkov,  1984),  Leonenok  (1955)  assigned  the 
Ludlow  rocks  of  the  Kos-Istek  area  in  Mugodzhar  to  the 
Karabutak  Formation.  It  consists  of  feldspathic  sand¬ 
stones,  conglomerates,  clay  slates  with  chert  nodules, 
limestones,  and  volcanic  rocks.  Its  age  is  early  Ludlow  on 
the  basis  of  the  rich  faunas  that  occur  in  limestone  lenses 
and  interbeds.  There  are  cephalopods,  bivalves,  gastro¬ 
pods,  trilobites,  crinoids,  and  rare  brachiopods  (Bogo¬ 
lepova  and  Holland,  1995). 


Discussion 


Silurian  cephalopod  beds  are  known  from  north  Asia  in 
the  lower  Llandovery  of  eastern  Siberia,  the  upper 
Llandovery  of  Tuva,  and  the  lower  Wenlock  of  Gomyi 
Altai.  Lower  Ludlow  cephalopod  limestone  biofacies  are 
developed  in  Novaya  Zemlya,  the  south  Urals,  and  Tien- 
Shan,  and  are  recognized  in  the  Ludlow-Pridoli  of  Taimir 
(Figure  2).  They  are  represented  by  either  grey  to  black 
bituminous  limestones  with  abundant  orthoconic  cepha¬ 
lopods,  bivalves  (Cardiolidae),  conodonts,  pelagic  ostra- 
codes,  rare  brachiopods,  gastropods,  and  trilobites,  or  red 
to  pink  limestones  with  cephalopods,  crinoids,  corals, 
stromatoporoids,  gastropods,  trilobites,  bivalves,  and 
rare  brachiopods. 

The  data  listed  above  show  that  Silurian  cephalo¬ 
pod  limestones  vary  in  their  character.  Three  depositional 
settings  characterized  by  different  depth  and  hydrody¬ 
namic  regime  can  be  recognized.  Two  of  them  may  have 
resulted  from  the  eustatic  character  of  such  sea-level 
changes  as  the  Early  Silurian  transgression  and  the 
shallowing  of  the  basins  during  the  Late  Silurian. 

Accumulation  of  black  cephalopod  limestones  in 
the  East  Siberian  Basin  began  with  the  Early  Silurian 
transgression.  Rapid  sea-level  rise  led  to  the  formation  of 
an  upwelling  zone  at  the  margins  of  the  basin,  where  the 
cephalopod  facies  formed. 

The  following  model  (Figure  3)  for  the  accumula¬ 
tion  of  cephalopod  limestone  has  been  proposed 
(Bogolepova  and  Gubanov,  In  press).  The  accumulation 
of  black,  bituminous  limestones  was  connected  with  the 
transgression  that  began  in  the  East  Siberian  Basin  in  the 
Early  Silurian.  The  global  lowstand  in  sea-level  during 
the  Late  Ordovician  (McKerrow,  1979;  Seslavinskii,  1987, 
1988,  1991;  Brenchley,  1988;  Scotese  and  McKerrow,  1990) 
led  to  erosion  of  the  Upper  Ordovician  and,  to  some  de¬ 
gree,  of  the  Middle  Ordovician  in  Siberia.  During  the 


graptolites 
«=■  cephalopods 
1 — current 

bosh  cephalopod  limestone 
- upper  boundary  of  anoxic  zone 

FIGURE  3 — Model  for  the  formation  of  cephalopod  limestones,  (a) 
Nektic  cephalopods  live  offshore  of  zones  of  upwelling  during 
regressive  intervals;  (b,  c)  with  sea-level  rise,  abundant  cephalopod 
faunas  occur  above  zones  of  upwelling  over  shelf  margin,  and  conchs 
accumulate  in  dysaerobic  facies  (labeled  "anoxic  zone"). 


Early  Silurian,  a  rapid  rise  in  global  sea-level  occurred 
(Figure  3a)  (Berry  and  Boucot,  1973;  McKerrow,  1979; 
Ziegler,  1981;  Ronov  et  al.,  1984;  Seslavinskii,  1987,  1988, 
1991;  Brenchley,  1988;  Scotese  and  McKerrow,  1990; 
Boucot,  1990;  Johnson  et  al.,  1991)  that  flooded  the  East 
Siberian  Basin  and  led  to  the  formation  of  an  upwelling 
zone  at  its  outer  margins.  Mixing  of  bottom  waters  rich  in 
organic  matter  with  the  oxygen-saturated  surface  waters 
led  to  a  burst  of  biological  productivity  and  vigorous 
growth  of  nektic  cephalopods.  There  is  a  very  high  con¬ 
centration  of  cephalopod  remains  in  a  narrow,  elongate 
belt  along  the  margin  of  the  East  Siberian  Basin.  Nutrient- 
rich,  anoxic  waters  upwelled  on  the  edge  of  the  basin 
with  a  resultant  strong  increase  in  the  nektic  fauna  (Fig¬ 
ure  3b).  The  overlying  beds  are  black  graptolitic  shales. 
With  further  transgression  (Figure  3c)  and  better  circula¬ 
tion,  non-bituminous  clay  shales  with  a  different  fauna 
began  to  accumulate.  Cephalopods  can  still  be  found  in 
small  limestone  lenses  in  these  deposits,  but  their  concen¬ 
tration  is  not  as  high  as  that  in  the  earlier  period  of  active 
upwelling. 

Silurian  deposition  on  the  western  margin  of  the 
East  Siberian  Basin  began  somewhat  later  than  on  the 
eastern  margin  (Sokolov,  1967,  1992;  Sennikov,  1979; 
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Parakidograptus  acuminatus  time 


Cystograptus  vesiculosus  -  Climacograptus  cyphus  time 


FIGURE  4 — Depositional  environments  of  cephalopod  limestone  biofacies  across  the  East  Siberian  Basin  during  the  Early  Silurian. 


Bogolepova,  1996a).  Therefore,  the  cephalopod  facies 
were  not  formed  synchronously.  This  is  explained  by  the 
fact  that  the  western  part  of  the  platform  underwent 
stronger  vertical  movement  them  the  eastern  part,  as  seen 
by  the  deeper  erosion  of  Ordovician  deposits  to  the  west. 
Upwelling  influenced  the  deposition  of  the  cephalopod 
facies  and  overlying  graptolite  facies  in  the  east  (Mojero 
River)  before  subsequent  transgression  submerged  the 
western  territory  and  initiated  the  same  facies  changes 
there  (Fat'yanikha  River)  (Figure  4). 

Cephalopod  limestones  of  the  Taimir  Basin  occur 
within  a  black  graptolitic  shale  facies.  Cephalopods  are 
abundant;  epibyssate  bivalves  are  represented,  and  are 
associated  with  abundant  conodonts,  pelagic  ostracodes, 
and  rare  brachiopods,  trilobites,  and  gastropods.  Several 
transgressions  and  regressions  can  be  recognized  in  this 
region  during  the  Ludlow-Pridoli  interval.  These  include 


the  early  Ludlow  transgression,  middle  Ludlow  regres¬ 
sion  and  transgression,  late  Ludlow  regression,  and  early 
and  late  Pridoli  highstands  in  sea-level.  The  sea-level 
curve  reconstructed  for  the  Taimir  Basin  shows  minor 
sea-level  falls,  and  the  cephalopod  beds  indicate  a 
shallowing  of  the  basin  (Figure  5).  It  can  be  concluded 
that  these  deposits  were  formed  in  outer-shelf  environ¬ 
ments  during  a  regressive  period  in  sea-level.  The  accu¬ 
mulation  of  recurrent  cephalopod  limestones  in  the 
Taimir  Basin  was  initiated  by  the  regressions  that  took 
place  in  the  Late  Silurian.  A  short-term  eustatic  fall  led  to 
the  formation  of  an  upwelling  zone  arid  consequent 
deposition  of  cephalopod  facies  in  the  deeper  parts  of  the 
basin.  Hence  the  situation  which  existed  in  the  Taimir 
Basin  may  be  interpreted  as  similar  to  that  of  the  East 
Siberian  Basin  in  terms  of  depth,  but  occurred  in  a  period 
of  general  sea-level  drop,  rather  than  rise.  There  were 
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Middendorf  Cave 


series  stage 


graptolite  zones 


conodont  zones  bathymetry 

shallow  deep 


FIGURE  5 — Distribution  of  Ludlow-Pridoli  cephalopod  limestones  (in  black)  at  Middendorf  Cave,  Taimir. 
Sea-level  curve  based  on  data  from  Berger  et  al.  (1991). 
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FIGURE  6 — Distribution  of  cephalopod  limestones  (in  black)  in  the  Silurian  of  the  Carnic  Alps.  Based  on 
data  from  Schonlaub  et  al.  (1994;  Cellon  section),  Schonlaub  and  Bogolepova  (1994;  Rauchkofel  Boden 
section),  and  author's  unpublished  data. 
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other  similar  short-term  lowstands  documented  by 
cephalopod  limestone  biofacies  in  the  early  Ludlow 
(Neodiversograptus  nilssoni  Zone)  of  the  Tien-Shan  and 
Novaya  Zemlya  Basins,  as  well  as  an  influx  of  new  grap- 
tolite  and  bivalve  taxa. 

In  the  Taimir  Basin,  cephalopod  limestones  are  de¬ 
veloped  in  the  middle  Ludlow  (uppermost  Gorstian- 
Ludfordian),  upper  Ludlow,  lowermost  Pridoli,  and  up¬ 
permost  Pridoli.  Comparison  of  the  Late  Silurian  sea- 
level  fluctuations  in  the  Taimir  Basin  (Figure  5)  and  corre¬ 
lation  of  the  levels  with  cephalopod  levels  in  the  Taimir 
Basin  and  the  Carnic  Alps  (Figure  6)  (based  on  data  from 
Schonlaub  et  al.,  1994  and  Schonlaub  and  Bogolepova, 
1994)  suggest  synchronous  developments  in  the  sedi¬ 
mentary  sequences  of  these  basins  (Bogolepova,  1996b). 
These  types  of  cephalopod  limestones  occur  at  many 
levels  in  the  Silurian,  and  are,  in  most  cases,  globally  dis¬ 
tributed  (Bogolepova,  1995;  Ferretti  and  Kriz,  1995).  The 
distribution  of  the  cephalopod  facies  in  the  late  Wen- 
lock?-Pridoli  in  the  marginal  basins  of  Siberia,  Kazakh¬ 
stan,  and  Baltica  and  in  the  Wenlock-Pridoli  of  the  North 
Gondwanan  and  Perunican  (Bohemia)  basins  may  have 
resulted  from  the  eustatic  character  of  these  changes. 

Relatively  shallow-water  cephalopod  facies  formed 
in  conditions  of  oxygen-rich  water  and  increased  wave 
and  current  activity.  This  facies  occurs  in  the  upper 
Llandovery-lower  Wenlock  of  the  Altai-Sayan  and  in  the 
lower  Ludlow  of  the  south  Urals. 

The  distribution  of  Silurian  cephalopod  limestones 
in  space  and  time  requires  an  explanation  based  on  fur¬ 
ther  studies.  Examples  of  further  problems  include:  why 
was  there  was  no  development  of  cephalopod  biofacies  in 
north  Asian  Wenlock  basins?  Does  this  indicate  our  lack 
of  knowledge,  or  a  primary  paleogeographic  reason?  The 
present  contribution  is  to  be  taken  as  a  preliminary 
account,  and  a  more  comprehensive  study  of  the  Silurian 
cephalopod  limestones  is  in  progress. 
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ABSTRACT — Species  diversity  dynamics  of  Silurian  gastro¬ 
pods  reveal  an  intimate  relationship  to  sea-level  fluctuation.  In 
turn,  sea-level  fluctuation  during  the  Silurian  zuas  associated 
with  glacio-eustatic  change  in  the  Early  Silurian  and  gradual 
shoaling  of  most  Silurian  basins  as  a  final  stage  of  Caledonian 
tectonism.  This  picture  zvas  complicated  by  other  minor  fluc¬ 
tuations  of  sea-level,  the  specific  reasons  for  ivhich  are  not 
always  clear.  Sea-level  fluctuations  and  resultant  changes  of 
gastropod  species  diversity  zvere  cyclic.  Four  important  cycles 
are  recognized  in  the  Silurian,  and  correspond  to  the  Llan¬ 
dovery,  Wenlock,  Ludlozu,  and  Pridoli  Series.  The  Llandovery 
cycle  has  four  subcycles.  The  most  important  changes  in  species 
diversity  occurred  at  the  boundaries  between  major  cycles.  It  is 
assumed  that  species  diversity  zvas  related  to  the  total  area  oc¬ 
cupied  by  shallozv  seas.  A  decrease  this  area  resulted  in  higher 
interspecific  competition  and  produced  a  fall  in  diversity,  while 
increase  in  the  area  of  shallozv  marine  shelves  caused  a  reduc¬ 
tion  in  competition  and  a  corresponding  rise  in  speciation. 


Introduction 


P aleozoic  gastropods,  especially  those  from  the  Silurian, 
have  been  little  studied,  though  they  played  an  important 
role  in  paleoecosystems  and  are  of  interest  in  evaluation 
of  abiotic  environmental  factors  on  the  benthos.  It  has 
been  established  (Gubanov,  1985)  that  gastropod  in¬ 
traspecific  variation  during  the  Silurian  was  associated 
with  basin  hydrodynamics.  Changes  in  species  diversity 
also  depended  strongly  on  sea-level  fluctuation  and  wa¬ 
ter  depth  of  basins. 


Data 


I  he  stratigraphic  range  of  Silurian  gastropods  in 
Avalonian  Britain  (Murchison,  1839;  Donald,  1899,  1902, 
1905,  1906;  Longstaff,  1909;  Reed,  1920-1921;  Pitcher, 


1939),  Nova  Scotia  (Peel,  1977,  1978),  eastern  Siberia 
(Gubanov,  1985,  1988,  1992,  1994  a,  1994b;  Gubanov  and 
Yochelson,  1994),  Estonia  (Isakar  et  al.,  1990),  Gotland 
(Lindstrom,  1899;  Peel  and  Wangberg-Eriksson,  1979), 
and  Podolia,  western  Ukraine  (Mironova,  1987)  provides 
the  basis  for  the  study  of  their  diversity  through  this 
geological  period.  It  also  provides  data  on  the  possible 
relationship  between  species  diversity  and  abiotic  events, 
including  sea-level  fluctuation  and  water  depths.  Pre¬ 
liminary  work  for  this  study  placed  all  available  data  into 
a  modem  stratigraphical  framework.  Great  difficulties 
still  remain  for  the  Barrandian  in  the  Prague  Basin  and 
some  regions  of  North  America,  where  Silurian  gastro¬ 
pods  are  well  studied  but  refinement  of  the  stratigraphic 
range  of  gastropods  in  individual  sections  remains  to  be 
done. 

Results 


Comparison  of  species  diversity  curves  of  gastropods 
from  different  regions  based  on  their  stratigraphic  range 
has  shown  that  periods  of  diversity  variation  coincide 
with  boundaries  between  major  chronostratigraphic 
units  (Figure  1).  The  most  significant  changes  in  gastro¬ 
pod  phylogeny  took  place  at  the  Ordovician-Silurian 
boundary.  The  Late  Ordovician  biotic  crisis,  one  of  the 
most  important  in  earth  history  (Raup  and  Sepkoski, 
1982),  resulted  in  a  nearly  complete  change  of  gastropods 
at  the  species  level.  Unfortunately,  poor  knowledge  of 
gastropods  from  the  boundary  beds,  the  relative  domi¬ 
nance  of  Ordovician-Silurian  boundary  sections  from 
deep-water  deposits  where  gastropods  are  usually  ab¬ 
sent,  and  a  significant  lack  of  Upper  Ordovician  shallow- 
water  facies  make  it  impossible  to  evaluate  the  number  of 
surviving  species. 

The  Late  Ordovician  glaciation  resulted  in  a  marked 
lowering  in  sea-level  and  narrowing  of  shelf  areas  that 
induced  a  biotic  crisis.  Subsequent  increase  in  tempera- 
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FIGURE  1 — Change  in  gastropod  species  diversity  and  relative  water  depth  in  the  Silurian  of  southern  Britain,  Nova  Scotia,  Gotland  (after 
McKerrow,  1979),  Estonia  (after  Kyrts  et  al.,  1991),  Podolia  (after  Gritsenko  et  al.,  1986),  and  Siberia  (author's  unpublished  data). 


ture  and  deglaciation  caused  a  dramatic  sea-level  rise  at 
the  beginning  of  the  Early  Silurian  (Berry  and  Boucot, 
1973;  McKerrow,  1979;  Brenchley,  1988).  This  event  is  as¬ 
sociated  with  an  important  "anoxic  event"  that  brought 
about  the  widespread  deposition  of  thick  black  lime¬ 
stones  and  graptolite  shales  at  the  base  of  the  Silurian 
(Berry  and  Wilde,  1978;  Jeppsson,  1990). 

Another  important  change  in  gastropod  diversity 
occurred  at  the  Llandovery-Wenlock  boundary,  but  this 
change  is  expressed  differently  in  different  regions.  In 
southern  Britain  and  eastern  Siberia,  gastropod  assem¬ 
blages  decrease  in  diversity  through  the  upper  Llan¬ 
dovery,  and  there  is  wide  variation  in  the  diversity  of 
gastropods  in  the  lower  Wenlock  (Figure  1).  In  Estonia, 
Gotland,  and  Podolia,  the  early  Wenlock  rise  in  diversity 
was  explosive  in  character  and  far  exceeded  that  of  the 
Llandovery  (Peel  and  Wangberg-Eriksson,  1979; 
Mironova,  1987;  Isakar  et  al.,  1990).  A  change  in  species 
composition  also  took  place  in  Nova  Scotia  (Peel,  1977, 
1978). 


A  major  extinction  of  gastropods  accompanied  by  a 
sharp  decrease  in  species  diversity  occurred  at  the 
boundary  between  the  Wenlock  and  Ludlow  in  southern 
Britain  and  eastern  Siberia  (Figure  1).  In  Nova  Scotia  and 
Estonia,  the  extinction  was  less  profound  (Peel  and 
Wangberg-Eriksson,  1979;  Isakar  et  al.,  1990).  In  Podolia, 
gastropods  disappeared  from  the  record  somewhat  ear¬ 
lier  in  the  middle  Wenlock  (Mironova,  1987).  On  Gotland, 
the  diversity  did  not  diminish  in  the  late  Wenlock.  How¬ 
ever,  in  the  early  Ludlow,  the  number  of  species  in¬ 
creased  almost  twofold  during  a  short  interval  (Figure  1). 
A  significant  increase  in  diversity  at  this  point  is  ob¬ 
served  in  southern  Britain,  Nova  Scotia,  and  Estonia 
(Peel,  1977,  1978;  Isakar  et  al.,  1990).  Only  Catazone  sp. 
appeared  in  the  earliest  Ludlow  of  Podolia,  but  the  sharp 
increase  in  the  number  of  species  occurred  somewhat 
later  there  (Mironova,  1987).  On  the  Siberian  platform 
only  Prosolariwn  cirrosa  joined  several  species 
(Murchisonia  cingulata  and  Straparollus  alacer )  known  after 
the  late  Wenlock  extinction,  but  by  the  end  of  the 
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Gorstian  they  also  became  extinct  (Gubanov,  1988). 
Somewhat  later,  at  the  end  of  the  early  Ludfordian,  the 
gastropods  disappeared  from  the  Podolian  record,  but 
their  diversity  decreased  considerably  for  a  short  time  in 
Estonia  and  on  Gotland  (Mironova,  1987). 

After  the  late  Ludfordian,  the  gastropods  of  south¬ 
ern  Britain  underwent  a  considerable  decrease  in  diver¬ 
sity  followed  by  an  insignificant  increase  before  they 
disappeared  by  the  middle  early  Pridoli  (Figure  1).  In 
Nova  Scotia  after  a  50%  reduction  in  the  number  of  spe¬ 
cies  in  the  late  Ludlow,  the  number  of  gastropod  species 
was  stable  until  the  middle  Pridoli,  when  diversity  more 
than  doubled  (Peel,  1977, 1978).  At  the  boundary  between 
the  Ludlow  and  Pridoli  in  Estonia,  the  number  of  gastro¬ 
pod  species  was  reduced,  but  to  a  lesser  extent  than  dur¬ 
ing  the  event  at  the  Gorstian-Ludfordian  boundary;  in 
early  Pridoli  times  the  diversity  increased  for  a  short 
period  (Isakar  et  al.,  1990).  In  Podolia,  gastropods  are 
absent  in  the  upper  Ludfordian,  but  reappear  in  the  early 
Pridoli  and  progressively  increase  in  diversity  (Miro¬ 
nova,  1987).  Unfortunately,  where  gastropods  are  re¬ 
corded  up  to  the  end  of  the  Silurian,  Devonian  examples 
are  very  poorly  known,  and  nothing  is  known  about  the 
change  of  the  species  composition  at  the  Silurian-Devo- 
nian  boundary. 

The  variations  in  species  composition  described 
above  were  closely  related  to  fluctuations  of  sea-level  and 
increase  in  basin  depth.  Such  a  relationship  is  evident 
when  the  curves  for  species  diversity,  sea-level  fluctua¬ 
tion,  and  basin  depth  are  compared  for  different  regions 
(Figure  1).  The  data  on  sea-level  and  basin  water  depth 
changes  in  the  Silurian  of  southern  Britain,  Nova  Scotia, 
and  Gotland  are  taken  from  McKerrow  (1979).  The  curves 
for  Estonia  were  constructed  by  the  author  using  the  data 
of  Kyrts  et  al.  (1991),  and  for  Podolia  with  data  from 
Gritsenko  et  al.  (1986).  Data  for  the  Siberian  Platform  are 
based  on  the  author's  research.  Increases  in  gastropod  di¬ 
versity  are  associated  with  transgression,  and  diversity 
decreases  with  regressions  and  changes  in  basin  water 
depth.  The  relationship  between  cyclic  changes  of  species 
composition,  sea-level  changes,  and  basin  water  depth  is 
easily  seen.  The  general  nature  of  sea-level  changes  in  the 
Silurian  includes  a  sharp  rise  in  the  early  Llandovery  and 
a  slow  lowering  through  the  latest  Silurian.  The  general 
lowering  of  sea-level  was  affected  by  cyclic  changes  of 
higher-order  magnitude.  Four  cycles  are  recognized  in 
the  Silurian,  and  correspond  to  the  Llandovery,  Wenlock, 
Ludlow,  and  Pridoli.  Each  cycle  started  with  major  sea- 
level  rise.  The  same  periodicity  is  noted  in  the  species 
diversity  of  gastropods. 

In  well-studied  Llandovery  sequences  in  Britain, 
four  more  minor  cycles  of  gastropod  species  diversity 


changes  can  be  established.  The  first  cycle  involves  the 
lowermost  Rhuddanian  (A2-A4  of  British  standard)  and 
ends  with  a  52%  decrease  in  species  diversity.  Compara¬ 
tively  greater  changes  took  place  at  this  point  in  Estonia 
(100%)  and  Nova  Scotia  (65%).  The  lowest  decrease  in 
diversity  occurred  in  Siberia  (10%). 

The  second  cycle  comprises  the  upper  Rhuddanian 
and  lowermost  Aeronian  (B1-B3).  It  began  with  the  com¬ 
plete  replacement  of  gastropod  species  in  Estonia.  In  Si¬ 
beria,  the  number  of  species  doubled.  In  southern  Britain, 
the  species  diversity  remained  stable,  but  with  an  almost 
50%  change  in  species  composition.  In  Nova  Scotia,  the 
diversity  remained  unchanged.  The  cycle  ended  with  a 
considerable  decrease  in  diversity  in  Britain  (43%)  and 
eastern  Siberia  (22%),  but  in  Nova  Scotia  and  Estonia,  this 
event  is  not  recognized. 

The  third  cycle  (middle  Aeronian,  C1-C3)  begins 
with  a  threefold  increase  in  diversity  of  gastropod  species 
in  southern  Britain,  and  with  an  increase  of  50%  in  Sibe¬ 
ria;  it  ends  with  diversity  dropping  to  almost  half  (49%) 
in  southern  Britain.  In  other  regions,  this  level  of  change 
is  not  seen.  A  more  significant  change  occurred  in  the 
gastropod  composition  in  Estonia,  with  a  complete  disap¬ 
pearance  of  earlier  species  and  appearance  of  five  new 
ones  ( Boiotrernus  longitudinalis,  Kjalromphalus  new  sp., 
Murchisonia  sp.,  Stenoloron  aequlatera,  and  a  new  pleuro- 
tomariacean).  In  eastern  Siberia,  57%  of  the  species  disap¬ 
peared  before  the  diversity  again  increased  by  half.  This 
happened  somewhat  earlier  than  in  the  British  Isles.  In 
Nova  Scotia,  the  diversity  decreases  are  33%  and  40%,  re¬ 
spectively,  and  occurred  somewhat  later  than  in  the  Brit¬ 
ish  Isles. 

The  fourth  Llandovery  cycle  is  only  easily  recog¬ 
nized  in  British  sections,  and  is  characterized  by  an  in¬ 
crease  of  gastropod  species  diversity  by  30%  at  the  begin¬ 
ning  and  by  a  nearly  complete  disappearance  of 
Llandovery  species  at  the  end.  The  upper  boundary  of 
the  cycle,  which  coincides  with  a  boundary  between 
cycles  of  a  higher  order,  is  clearly  defined  in  all  of  the 
regions  discussed. 

The  change  in  sea-level  and  basin  water  depth  had  a 
similarly  cyclic  recurrence  in  the  Llandovery  of  southern 
Britain,  eastern  Siberia,  and  Estonia,  and  was  apparently 
characteristic  of  many  other  regions  worldwide  (Johnson 
et  al.,  1991;  Johnson  and  McKerrow,  1991;  Johnson,  1996). 
A  somewhat  different  situation  occurred  in  Nova  Scotia, 
where  the  cyclic  changes  in  gastropod  species  diversity 
were  minor  and  cyclic  changes  in  sea-level  and  basin 
water  depth  are  not  well  defined.  The  basin  water  depth 
remained  the  same  throughout  the  Silurian.  Short  peri¬ 
ods  of  deepening  of  the  basin  in  the  middle  Rhuddanian 
and  at  the  Llandovery-Wenlock,  Wenlock-Ludlow,  and 
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Ludlow-Pridoli  boundaries  were  quickly  compensated 
for  by  sedimentation  and  aggradation. 

For  the  Wenlock,  only  one  cycle  of  gastropod  diver¬ 
sity  change  exists,  although  species  composition  changed 
diachronously  in  different  regions.  In  southern  Britain 
during  the  Homerian,  diversity  was  reduced  by  25%  be¬ 
fore  doubling.  Wenlock  variation  is  recorded  through  the 
upper  Sheinwoodian  of  Estonia,  with  a  drop  and  rise  in 
diversity  of  75%  and  300%  respectively.  On  Gotland,  this 
variation  occurred  to  a  somewhat  lower  degree  than  in 
Estonia,  with  a  34%  and  25%  change,  respectively.  In  east¬ 
ern  Siberia  and  Podolia,  the  change  took  place  at  the 
Sheinwoodian-Homerian  boundary,  with  diversity  first 
dropping  by  22%  and  then  increasing  by  100%  in  Siberia, 
and  a  complete  extinction  in  Podolia.  This  level  also  is 
definable  in  southern  Britain  and  on  Gotland,  but  is 
rather  inconspicuous.  During  the  Ludlow  and  Pridoli, 
these  smaller  cycles  are  difficult  to  define.  Nevertheless,  a 
relationship  between  the  change  in  species  diversity  of 
gastropods  and  the  fluctuation  of  sea-level  and  basin 
water  depth  is  clearly  seen. 

A  special  feature  should  be  noted.  In  the  British  Isles 
and  on  the  Siberian  Platform,  the  highest  species  diversity 
occurs  during  the  late  stages  of  important  cycles  that  corre¬ 
spond  to  the  epochs.  In  the  southwest  and  northwest  Rus¬ 
sian  Platform  (Podolia,  Estonia,  and  Gotland),  this  high 
diversity  coincides  with  the  initial  stages  of  cycles.  The 
close  match  between  the  species  diversity  of  Silurian  gas¬ 
tropods  and  fluctuation  of  sea-level  and  basin  water  depth 
in  different  regions  indicates  a  close  relationship  between 
species  diversity  and  the  events  that  effected  the  change  in 
sea-level  and  water  depth. 

Discussion 


Fluctuations  of  sea-level  and  water  depth  were  probably 
associated  with  changes  in  climate  and  tectonic  regimes. 
A  general  regressive  trend  in  sea-level  change  is  associ¬ 
ated  with  the  final  stage  of  the  Caledonian  cycle 
(Seslavinskij,  1987,  1991),  and  early  Llandovery  trans¬ 
gression  followed  Late  Ordovician  glacio-eustatic  events 
(McKerrow,  1979).  The  subsequent  Early  Silurian  glacia¬ 
tion,  which  is  known  in  South  America  (Grahn  and 
Caputo,  1992),  apparently  was  considerably  less  impor¬ 
tant  than  the  Late  Ordovician  glaciation,  and  the  conse¬ 
quence  for  changes  of  sea-level  and  gastropod  diversity 
were  not  as  severe.  Although  the  general  relationship 
between  major  changes  in  gastropod  species  diversity 
and  these  events  is  evident,  the  mechanism  behind  it  re¬ 
mains  unclear.  One  possibility  is  MacArthur  and  Wilson's 
"theory  of  balance"  (R.H.  MacArthur  and  E.O.  Wilson  in 
Hallam,  1983).  By  this  model,  sea-level  lowering  reduced 


the  area  of  shallow  seas.  The  basins  on  the  platforms  were 
reduced  in  size,  and  the  size  of  the  biotopes  decreased 
simultaneously.  This  resulted  in  increased  K-selection  that 
brought  about  a  decrease  in  taxonomic  diversity.  Con¬ 
versely,  an  increase  in  sea  area  favored  the  appearance  of 
new  biotopes  and  extension  of  previous  ones.  The  result  of 
radiation  of  biotopes  produced  a  burst  of  speciation. 

Conclusions 


Four  global  cycles  of  species  diversity  changes  among 
gastropods  are  defined  for  the  Silurian.  The  boundaries 
of  diversity  cycles  coincide  with  those  of  the  series.  Four 
lower-magnitude  diversity  cycles  are  established  in  the 
Llandovery.  The  reasons  behind  these  changes  are  as  yet 
unclear.  The  change  in  the  area  of  shallow  seas  probably 
had  a  direct  influence  on  species  diversity.  Decreases  in 
shallow-sea  area  led  to  decreases  in  biotopes  (because  of 
increased  biological  competition)  and  species  diversity. 
Conversely,  increased  shallow-sea  area  resulted  in  radia¬ 
tion  of  new  biotopes,  a  decrease  in  competition,  and 
intense  speciation. 

There  existed  a  close  relationship  between  the 
change  in  species  diversity  of  gastropods  and  sea-level 
changes.  The  most  important  events  which  caused  global 
sea-level  fluctuations  were  glacio-eustasy  in  the  early 
Llandovery  and  the  final  stage  of  Caledonian  tectonism. 
The  latter  was  responsible  for  regression  in  the  Silurian. 
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ABSTRACT — Data  on  evolutionary  lineages  and  transgres¬ 
sive-regressive  (T-R)  cycles  allozv  recognition  of  patterns  in 
evolutiozwry  and  depositional  processes  in  the  Silurian-Devo¬ 
nian  Altai-Salair  marginal  sea.  A  transition  from  a  passive  into 
an  active  continental  margin  is  recorded  in  this  area  in  the  ear¬ 
liest  Emsian  by  a  change  in  the  magnitude  of  T-R  cycles  that 
did  not  affect  iterative  trilobite  evolution.  Repetitive  patterns  of 
dechenellid  morphology  are  expressed  by  three  levels  of  evolu¬ 
tionary  change.  Higher  ranks  of  evolutionary  stages  are  repre¬ 
sented  by  combinations  of  elementary  (first-rank)  evolutionary 
changes.  These  patterns  calibrate  the  western  Siberia  T-R  suc¬ 
cession.  T-R  cycles  are  symmetrical  or  asymmetrical.  Reef 
limestones  represent  the  second  of  three  (transgressive, 
stillstand,  regressive)  sea-level  stages. 

Cycle  orders  in  the  Silurian-Devonian  of  western  Siberia 
correlate  with  dechenellid  evolutionary  stages.  In  the  Altai- 
Salair  Silurian,  only  third-order  T-R  cycles  are  known.  One  of 
them  is  bounded  by  the  bases  of  the  Glyptograptus 
persculptus  and  Monograptus  triangulatus  Zones.  The 
bases  of  the  Monograptus  sedgwickii,  Cyrtograptus 
lapworthi-C.insectus,  and  Bohemograptus  bohemicus 
Zones  in  Altai-Salair  sections  record  the  onset  of  sedimentary 
cycles  comparable  to  second-rank  dechenellid  evolutionary 
stages  (alpha  and  beta).  Pairs  of  asymmetrical  and  symmetrical 
cycles  within  the  Altaian  succession  are  separated  by  the  base 
of  the  C.  lapworthi-C.insectus  Zone,  and  are  represented  by 
depositional  phases  A  and  B  that  correspond  to  third-rank  evo¬ 
lutionary  stages.  In  Altai-Salair  sections,  as  in  other  areas,  the 
Silurian  and  Devonian  record  initial  abrupt  transgression  and 
terminal  strong  regression.  They  include  two-  and  three-fold 
depositional  phases  (A-B;  A-B-C)  that  correspond  to  the 
structure  of  asymmetrical  and  symmetrical  cycles.  This  ar¬ 
rangement  suggests  a  higher-level,  second-order  cyclicity.  The 
local  sea-level  curve  agrees  with  the  Silurian  and  Devonian 
curves  proposed  for  different  continents,  and  particidarly  with 
the  Euroamerican  standard. 


Introduction 


Long-lived  lineages  of  dechenellid  trilobites  demon¬ 
strate  repetitive  patterns  of  evolutionary  change  (Yolkin, 
1983).  These  patterns  show  up  against  a  background  of 
Middle  Paleozoic  cyclic  sedimentation  in  the  Altai-Salair 
basin  (Yolkin,  1968;  Yolkin  and  Zheltonogova,  1974;  see 
Figure  1).  Similar  iterative  patterns  of  trilobite  evolution 
were  described  by  Kaufmann  (1933)  from  olenid  trilobite 
lineages  from  the  Upper  Cambrian  of  Sweden.  Compari¬ 
son  of  the  dechenellid  evolutionary  stages  and  sedimen¬ 
tary  cycles,  however,  does  not  show  a  precise  agreement. 
Furthermore,  the  ranges  of  most  species  in  these  lineages 
cross  all  facies  boundaries  in  mixed  siliciclastic  and  car¬ 
bonate  sequences.  These  observations  lead  to  the  conclu¬ 
sion  that  dechenellid  evolutionary  stages  are  indepen¬ 
dent  of  regional  tectonic  or  depositional  processes,  but 
are  influenced  by  outside  (global)  factors. 

Another  explanation  for  the  recurrent  morphologi¬ 
cal  evolution  of  dechenellids  may  be  found  in  applying 


FIGURE  1 — Index  map  of  Russia  with  location  of  the  Altai-Salair  region 
southwest  of  Novosibirsk. 
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the  theory  of  nomogenesis  (Berg,  1977),  or  the  supposed 
ability  of  organisms  to  evolve  by  regular  patterns.  After 
testing,  this  possibility  was  rejected  because  the  long-term 
changes  of  dechenellid  morphology  were  too  complicated 
and  regular  to  be  accounted  for  by  this  theory.  The  conclu¬ 
sion  was  that  these  changes  were  forced  by  factors  of  a  tel¬ 
luric  (global)  and/or  cosmic  origin  (Yolkin,  1979). 

Revitalization  of  Devonian  eustatic  studies  in  the 
1980s  (House,  1983,  1985;  Johnson  et  al.,  1985)  stimulated 
a  reconsideration  of  data  on  the  cyclicity  of  the  Devonian 
in  western  Siberian.  It  was  found  that  this  cyclicity  has  a 
eustatic  origin  (Talent  and  Yolkin,  1987).  Recently,  the 
same  was  done  for  the  Altai-Salair  Silurian  sequences 
(Yolkin  et  al.,  1997).  The  results  led  to  an  effort  to  calibrate 
the  Silurian-Devonian  eustatic  cycles  in  western  Siberia 
by  means  of  different  ranks  of  dechenellid  evolutionary 
stages,  with  the  ultimate  aim  of  ordering  the  sedimentary 
cycles  in  which  these  trilobites  occur.  This  goal  was  at¬ 
tractive  because  data  on  evolutionary  and  depositional 
processes  can  be  related  to  a  single  sedimentary  basin, 
and  its  tectonic  environments  had  already  been  recon¬ 
structed  (Yolkin  et  al.,  1994).  There  are  also  reliable  stan¬ 
dard  zonal  scales  for  the  Silurian  and  Devonian  Systems, 
which  offer  a  high  level  of  temporal  resolution,  as  well  as 
exhaustive  surveys  on  eustatic,  sedimentary,  and  biologi¬ 
cal  events  (Johnson,  1996;  Kaljo  et  al.,  1996;  Walliser, 
1996).  In  this  study,  the  entire  Silurian-Devonian  succes¬ 
sion  is  analyzed,  but  primary  attention  is  paid  to  the 
Silurian. 

Terminology 


Eustasy,  sedimentary  cyclicity,  and  biotic  changes  have 
been  described  by  numerous  terms.  Many  have  similar 
definitions  and  are  applied  in  specific  situations.  For  our 
purposes,  it  is  important  to  clearly  distinguish  between 
phenomena,  which  are  related  to  long-term  processes  (in¬ 
tervals)  and  short-term  events.  It  is  useful  also  to  keep  in 
mind  their  relationships  to  one  another.  Such  a  clustering 
of  related  terms  for  events  includes:  "deepening", 
"eustatic  rise",  "transgressive"  stage  (or  phase),  and 
"highstand".  Short-term  global  events  usually  are  corre¬ 
lated,  as  a  rule,  into  the  standard  zones  or  subdivisions 
(Walliser,  1984,  1985,  1996;  House,  1985;  Johnson,  1996; 
Kaljo  et  al.,  1996).  Most  of  the  T-R  cycles  documented  in 
this  report  correspond  to  the  third-order  cycles  defined 
by  Vail  et  al.  (1977).  Although  the  Russian  literature  on 
Silurian-Devonian  cycles  in  the  Altai-Salair  region  also 
utilizes  a  numerical  hierarchy,  it  is  more-or-less  the 
reverse  of  the  scale  proposed  by  Vail  et  al.  (1997).  For  the 
sake  of  clarity,  all  references  to  T-R  orders  in  this  paper 
are  transcribed  to  the  scale  of  Vail  et  al.  (1997). 


In  the  Devonian,  there  are  two  parallel  event  scales 
(House,  1989).  The  first  consists  of  the  local  (or  standard) 
stratigraphic  names  for  events.  In  most  cases,  these  are 
related  to  sedimentary  anoxia.  Another  scale  represents 
events  that  are  correlated  by  selected  fossils  of  pelagic 
groups.  We  have  combined  these  correlation  schemes 
into  a  single  event  name  (Yolkin  et  al.,  1994).  It  should 
mean  that,  for  example,  the  Syrovatiy  (Monograptus 
sedgivickii  Zone)  Event  has  a  type  locality  in  the  Altai  area 
of  the  Altai-Salair  region  with  a  point  in  an  actual  strati¬ 
graphic  section,  and  is  situated  at  or  near  the  lowest  ap¬ 
pearance  of  index  species  of  the  graptolite  Monograptus 
sedgivickii  Zone.  In  combining  the  potential  of  biostratig¬ 
raphy  and  eustatic  sedimentary  markers,  we  attempt  to 
improve  both  inter-  and  intraregional  correlations. 

It  is  known  also  that  the  cycles  of  siliciclastic  and 
carbonate  successions  can  be  expressed  another  way.  In 
general,  siliciclastic  cycles  are  composed  of  transgressive 
and  regressive  stages.  At  the  same  time,  cyclic  carbonates 
representative  of  the  tropical  realm  with  reefal  accumu¬ 
lations  typically  form  symmetrical  (or  asymmetrical) 
cycles  with  transgressive,  stillstand,  and  regressive  stages 
(Einsele,  1992).  Cyclic  carbonate  sediments  of  both  types 
characterized  the  shelf  environments  of  the  Altai-Salair 
region  during  Silurian-Devonian  times. 

Method  of  Analysis 


The  comparative  analysis  of  dechenellid  evolutionary 
stages  and  transgressive-regressive  (T-R)  cyclicity  forms 
only  a  small  part  of  larger-scale  studies  on  the  Middle 
Paleozoic  Altai-Salair  basin.  The  wider  view  is  the  so- 
called  "basinal  approach"  to  stratigraphical  research  that 
embraces  the  detailed  examination  of  sections  for  a  syn¬ 
thesis  of  stratigraphic,  biostratigraphic,  paleontologic, 
paleogeographic,  and  other  features.  In  such  cases,  all  of 
the  data  are  tightly  connected.  For  the  area  under  study, 
much  of  the  data  is  published  (Yolkin,  1968;  Yolkin  and 
Zheltonogova,  1974;  Sennikov,  1976). 

These  resources  were  used  in  the  phylogenetic 
analysis  of  dechenellid  lineages  and  led  to  the  documen¬ 
tation  of  iterative  patterns  of  evolutionary  stages  of  this 
trilobite  group  and  their  relationship  to  control  by  global 
factors  (Yolkin,  1979, 1983,  p.  70).  The  data  also  provided 
the  basis  for  paleogeographic  reconstructions  through 
narrow  time  slices  from  the  Ordovician  to  the  Devonian, 
with  subsequent  tectonic  conclusions  (Yolkin  et  al., 
1994b).  The  results  of  the  last  noted  study  were  especially 
important  for  an  understanding  of  eustatic  changes  on 
the  southwestern  shelf  of  the  Siberian  continent  in  Sil¬ 
urian-Devonian  time.  They  are  expressed  by  two  re¬ 
gional  T-R  cycle  scales  for  the  Devonian  and  Silurian 
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(Yolkin  et  al.,  1994a;  Yolkin  et  al.,  1997;  Yolkin  et  al.,  In 
press).  Newly  available  data  also  allow  determination  of 
the  relatationship  of  sedimentary  cyclicity  to  the  different 
tectonic  regimes  of  passive  and  active  continental  mar¬ 
gins.  This  change  from  a  passive  to  an  active  margin  oc¬ 
curred  in  the  Altai-Salair  region  at  the  beginning  of 
Emsian  (Early  Devonian)  time  (Yolkin  et  al.,  1994b). 

In  addition,  it  should  be  noted  that  global  anoxic 
sedimentary  events  also  coincide  with  eustatic  events,  as 
well  as  with  the  initiation  of  regional  T-R  cycles.  They  are 
good  markers  for  an  alignment  of  the  local  T-R  cycle 
scales.  By  using  the  same  approach  for  the  Devonian  Sys¬ 
tem,  we  have  recognized  anoxic  events  in  the  Devonian 
(Yolkin  et  al.,  1994b)  and  Silurian  (Yolkin  et  al.,  1997)  of 
the  Altai-Salair  and  Tian  Shan  regions. 

Succession  of  T-R  Cycles 


Silurian  and  Devonian  deposits  are  widely  distributed  in 
the  Altay-Sayan  Folded  Area  (ASFA).  These  marine  facies 
lie  on  the  southwestern  margin  of  the  Paleozoic  Siberian 
continent  along  a  narrow  shelf  belt  (Yolkin  et  al.,  1994b). 
This  belt  was  a  passive  continental  margin  from  the  Or¬ 
dovician  to  Early  Devonian.  It  is  distinctly  subdivided 
throughout  the  Kuznetsk  Basin  and  Altai-Salair  region 
into  outer  and  inner  zones  (Figure  2).  The  best  Silurian 
sections  are  situated  in  the  Altai  area  (Figure  2,  locations 
1  and  2),  but  Devonian  sections  occur  in  the  Salair  area  of 
the  Altai-Salair  region  and  northwestern  Kuznetsk  Basin 
(Figure  2,  locations  3  and  4). 

This  shelf  belt  was  characterized  by  accumulation 
of  terrigenous-carbonate  deposits  with  local  reef  lime¬ 
stones  on  the  outer  shelf.  Large-scale  buildup  structures 
developed  periodically  as  barrier  reefs  on  the  carbonate 
platform. 

The  characteristic  depositional  motif  in  the  ASFA 
during  the  Silurian  and  Devonian  is  seen  in  the  cyclicity 
of  the  sections  (Yolkin,  1968;  Yolkin  and  Zheltonogova, 
1974).  Symmetrical  and  asymmetrical  cycles  can  be  easily 
distinguished  from  one  another.  Symmetrical  cycles  are 
represented  by  three  sedimentary  stages:  transgressive, 
stillstand  and  regressive.  In  asymmetrical  cycles,  only  the 
first  two  stages  are  expressed.  Cycles  of  both  types  have 
sharp  boundaries.  In  one  situation,  more  often  developed 
on  the  outer  shelf,  they  are  associated  with  sharp  transi¬ 
tions  from  shallow-  to  deep-water  deposits.  In  inner-shelf 
sections,  they  are  associated  with  unconformities,  which 
are  frequently  associated  with  basal  conglomerates.  On 
the  basis  of  Silurian-Devonian  sequences  in  the  Kuznetsk 
Basin  and  Altai-Salair  region  where  the  T-R  cycle  scale  is 
well  developed,  a  T-R  curve  was  constructed  (Yolkin  et 
al.,  1997;  Yolkin  et  al.,  in  press).  This  scale  (Figure  3) 


FIGURE  2 — Distribution  of  Silurian  outcrops  (in  black)  in  western  part 
of  the  Altai-Sayan  folded  area,  a  shelf  belt  of  the  Siberian 
paleocontinent  (A,  outer  shelf;  B,  inner  shelf;  C,  land);  with  location  of 
reference  sections  of  Silurian  (1,  2)  and  Devonian  (3,  4).  1,  watershed  of 
the  Inya  River;  2,  watershed  of  the  Anuy  River;  3,  vicinity  of  the  town  of 
Gur'evsk;  and  4,  Tom'  River  downstream  of  the  Kemerovo. 


includes  four  Silurian  and  nine  Devonian  cycles.  The  ma¬ 
jority  of  established  cycles  have  reef  limestone  members, 
which  correspond  to  stillstands  (i.e.,  to  the  middle  parts 
of  symmetrical  and  the  tops  of  asymmetrical  cycles).  The 
eustatic  nature  of  these  Devonian  cycles  is  demonstrated 
by  comparison  with  eustatic  cycles  of  the  Euramerica 
scale  (Talent  and  Yolkin,  1987). 

A  recognition  of  the  simple  structure  of  the  Siberian 
Middle  Paleozoic  cycles  and  their  obvious  repetitive 
character  and  relationship  to  eustasy  appears  to  support 
the  proposal  of  regular  patterns  of  cyclic  sedimentation 
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Subphase  Ba-^j — Subphase  B1 


and  eustatic  fluctuations.  As  will  be  demonstrated  below, 
however,  a  periodicity  in  the  succession  of  cycles  can  be 
observed  in  both  the  Silurian  and  Devonian. 

Silurian  Cycles 


The  first  two  sedimentary  cycles  of  this  system  are  ap¬ 
proximately  correlative  with  the  Llandovery  Series,  and 
are  bounded  by  three  event  levels  (Figure  3).  The  lower 
limit  of  the  first  cycle  is  represented  by  a  sharp  transition 
from  Upper  Ordovician  reef  limestones  into  black  shales 
that  are  characterized  by  Glyptograptus  persculptus  (Salter) 
(Yolkin  et  al.,  1988).  The  initiation  of  this  cycle  and  of  Sil¬ 
urian  transgression  appears  to  be  the  anoxic  Chineta  (G. 
persculptus  Zone)  Event  (Yolkin  et  al.,  1997).  Initiation  of 
the  second  cycle  also  coincides  with  a  deepening  event.  It 
is  designated  the  Syrovatiy  ( Monograptus  sedgivickii  Zone) 
Event.  It  also  features  a  sharp  transition  from  extremely 
shallow-water  deposits  (moderately  coarse-grained 
siliciclastics  with  cross-bedding)  to  dark  shales.  The  be¬ 
ginning  of  the  third  cycle  is  represented  by  another  deep¬ 
ening  event  that  is  shown  as  a  shift  from  reef  limestones 
to  black  shales.  It  is  named  the  Chesnokovka  ( Cyrto - 
graptus  lapworthi-C.  insectus  Zone)  Event.  Thus,  the  former 
two  cycles  have  structures  characterized  by  asymmetrical 
deposition,  and  their  boundaries  are  well  correlated  by 
graptolites. 

Cycles  3  and  4  certainly  should  be  regarded  as  sym¬ 
metrical  in  structure.  The  first  of  them  represents  a  typical 
marine  sequence  with  siliciclastics  succeeded  by  reef  lime¬ 
stones  and  overlain  by  argillaceous  limestones.  Quite  con¬ 
tinuous  transitions  occur  between  all  of  these  lithologies 
(Yolkin  and  Zheltonogova,  1974).  At  the  same  time,  the 
second  cycle,  number  4,  is  composed  mostly  of  non¬ 
marine  sediments  with  a  bedded  limestone  member  in  its 
middle. 

In  some  inner-shelf  sections  of  the  Chesnokovka 
Formation,  a  transgressive  stage  of  cycle  3  exhibits  all 
three  stages  of  a  symmetrical  cycle.  A  deepening  event  at 


FIGURE  3 — (opposite)  Silurian-Devonian  transgressive-regressive  (T- 
R)  cycles  and  depositional  phases  and  western  Siberian  eustatic  curve. 
Sequences  show  reef  limestones  and  event  levels  (black 
triangles=anoxic  events,  open  triangles=local  T-R  events).  Radiometric 
age  in  m.y.  after  Cowie  and  Bassett  (1989).  Silurian  cycles:  1)  Chineta 
(Glyptograptus  persculptus  Zone)  event,  2)  Syrovatiy  (Monograptus 
sedgivickii  Zone)  event,  3)  Chesnokovka  (Cyrtograptus  Zone)  event,  4) 
Kyk  (Monograptus  prehercinicus  Zone)  event.  Devonian  cycles:  1) 
Zinzilban  (Polygnathus  kitabicus  Zone)  event,  2)  Daleye  (P.  nothoperbonus 
Zone)  event,  3)  Chotec  (P.  costatus  costatus  Zone)  event,  4)  Kacak 
(Noiuakia  otomari)  event,  5)  Taghanic  event,  6)  Igaroldy  (Mesotaxis 
falciovalis/norissi  Zone)  event,  7)  lower  Kellwasser  event,  8)  upper 
Kellwasser  event,  9)  Hungenberg  event. 


the  base  of  the  Kuirnov  Formation  that  includes  a 
Ludlovian  benthic  faunal  association  can  be  recognized 
(Yolkin  and  Zheltonogova,  1974). 

On  a  regional  scale,  the  boundary  between  cycles  3 
and  4  is  very  sharp,  and  formed  by  interformational  con¬ 
glomerates  (but  without  significant  hiatuses).  This 
boundary  has  been  correlated  provisionally  with  the  base 
of  the  Pridoli  on  the  basis  of  benthic  fossils  that  belong  to 
the  Cherny  Anui  Formation  (Yolkin  and  Zheltonogova, 
1974;  Yolkin,  1983). 

Devonian  Cycles 


Siberian  Devonian  cycles  have  been  described  in  detail 
(Yolkin  et  al.,  1994;  Yolkin  et  al.,  in  press).  Figure  3  dis¬ 
plays  their  complete  succession.  Many  Devonian  cycles 
are  separated  by  unconformities.  The  largest  one,  which 
is  angular,  is  correlated  with  the  Silurian-Devonian 
boundary. 

The  first  two  of  the  Devonian  cycles  are  Lochkovian 
and  Pragian.  They  form  asymmetrical  cycles  that  are 
comparable  to  the  two  lowest  Silurian  cycles.  Both  these 
Devonian  cycles,  however,  are  transgressive  sequences 
that  start  with  non-marine  deposits  and  end  with  reef 
limestones  (Yolkin,  1968;  Talent  and  Yolkin,  1987). 

Along  the  shelf  belt,  the  overlying  Emsian-Givetian 
is  represented  by  two  groups  of  cycles.  Each  includes 
three  clear-cut,  T-R  cycles  with  the  same  repetition  of 
cycle  types  in  their  succession.  The  pattern  follows  from  a 
symmetrical  cycle  through  an  asymmetrical  cycle  and 
back  to  a  symmetrical  cycle  (Figure  2).  Within  a  coastal- 
plain  setting  with  mostly  non-marine  sedimentation, 
three  well-developed  Emsian  cycles  form  a  single  cycle 
that  is  referred  to  cycle  number  3  (Yolkin  et  al.,  1997;  in 
press).  It  lithologically  resembles  Silurian  cycle  4. 

Two  Upper  Devonian  cycles,  numbers  7  and  8  (Fig¬ 
ure  3),  show  a  general  regressive  trend.  Both  may  be  subdi¬ 
vided  in  some  areas  into  two  separate  cycles  (7a,  7b,  8a,  8b) 
by  very  sharp  T-R  transitions.  Cycle  8b  represents  a  pre¬ 
dominantly  non-marine  environment.  This  corresponds  to 
the  real  maximum  of  the  general  Devonian  regression.  The 
lower  part  of  overlying  cycle  9  is  is  Devonian.  The  rest  of 
the  cycle  continues  into  the  Carboniferous. 


Correlation  of  T-R  Cycles  with 
Trilobite  Evolution 

Progressive  evolutionary  lineages  are  not  ordinarily 
preserved  in  the  paleontological  record,  while  binary  and 
triple  phylogenetic  species  clusters  are  common.  The 
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latter  are  the  results  of  a  real  evolutionary  process  that 
provides  for  a  diversity  of  biota  and  its  fluctuation  in 
time. 

Silurian-Devonian  dechenellid  lineages  from  the 
western  Siberian  sedimentary  basin  (Yolkin,  1983)  pro¬ 
vide  a  good  opportunity  to  observe  morphological 
changes  from  an  initial  stage  (archetype)  through  a  long 
interval  of  geological  time.  It  turns  out  that  later  changes 
are  accompanied  by  iterative  transformations  of  some 
morphologic  features,  which  demonstrate  a  periodicity  of 
the  evolutionary  process. 

Temporal  analysis  of  these  morphologies  and  the 
trends  of  some  cephalon  and  pygidium  features  (with 
complications  assigned  a  positive  (+)  value;  simplifica¬ 
tions  with  a  negative  (-)  value),  reveal  a  periodicity  in 
dechenellid  evolution  (Yolkin,  1983).  It  consists  of  regular 
combination  of  the  elementary  evolutionary  stages  (I- 
XVII),  or  first-rank  stages,  into  two  types  of  second-rank 
stages  (alpha  and  beta)  and  then  into  the  third-rank 
stages  (A  and  B).  As  a  result,  there  are  regular  patterns  in 
a  successive  set  of  different  evolutionary  stages.  There  is 
also  a  clear  relationship  between  the  higher  morphologi¬ 
cal  changes  and  the  boundary  levels  of  higher  rank 
stages.  As  earlier  shown  (Yolkin,  1979,  1983),  the  char¬ 
acteristic  rank  of  dechenellid  evolutionary  stages  is  in¬ 
dependent  of  regional  factors.  Thus,  it  can  be  used  to 
correlate  such  local  periodic  phenomena  as  T-R  cyclicity. 

Figure  4  shows  a  long  cyclic  succession  through  two 
geologic  systems.  It  is  possible  to  recognize  some  regu¬ 
larities  in  certain  repetitions  and  excursions  of  this  T-R 
curve.  The  first  pair  of  Silurian  cycles  is  identical  in  their 
asymmetrical  structure  to  the  first  Devonian  pair. 
Between  them  is  a  pair  of  symmetrical  cycles  that  em¬ 
brace  the  Wenlock-Pridoli  interval.  These  binary  cycle 
clusters  are  designated  as  depositional  phases  A  and  B. 

Cycles  of  the  subsequent  Emsian-Fammenian  inter¬ 
val  clearly  have  a  different  frequency  (Figures  3,  5),  but 
are  represented  by  the  same  symmetrical  and  asymmetri¬ 
cal  cycle  types.  This  is  certainly  connected  with  the 
changeover  in  tectonic  regime  on  this  margin  of  the  Sibe¬ 
rian  continent  from  a  passive  to  an  active  continental 
margin  took  place. 

Devonian  cycle  3,  as  noted  above,  shares  features  with 
the  subsequent  Devonian  cycles  4-6  and  with  Silurian  cycle 
3.  This  leads  to  the  conclusion  that  two  Devonian  cycle 
groups  (namely,  3a-3c  and  4-6),  which  are  well  expressed 
on  the  shelf  belt,  are  the  equivalents  of  two  Silurian  cycles  3 
and  4,  but  have  a  smaller  magnitude.  They  can  be  integrated 
into  a  single  Devonian  depositional  phase  B. 

The  same  argument  may  be  applied  to  interpreta¬ 
tions  of  Upper  Devonian  cycles  7a,  7b,  8a,  and  8b.  If  paired, 
they  represent  two  asymmetrical  cycles  (7  and  8)  that  are 
comparable  to  the  Lower  Devonian  cycles  1  and  2,  but 


with  a  general  regressive  trend.  So  a  combination  of  these 
two  cycles  form  a  single,  regressive  sedimentary  package 
that  can  be  distinguished  as  depositional  phase  C. 

Thus,  the  Silurian-Devonian  succession  of  T-R 
cycles,  as  well  as  successive  trilobite  evolutionary  stages, 
have  a  periodicstyle  of  repetition  that  belongs  to  two 
types,  which  can  be  related  to  depositional  cycles  of  three 
orders.  The  peculiarities  of  these  cycles  are  well  differen¬ 
tiated  only  in  intervals  that  exceed  one  geological  system. 

Correlation  of  the  Devonian  T-R  cycles  with 
dechenellid  evolutionary  stages  was  done  mainly  to 
check  for  their  mutual  accordance.  It  is  most  important  to 
do  this  for  the  Silurian  cycles,  all  of  which  coincide  with 
the  second-rank  evolutionary  stages  designated  alpha 
and  beta  (Figure  3).  If  cycle  1  is  correlated  with  the  third- 
order  cycles  according  to  the  ranges  of  Warburgella  calvata 
Yolkin  and  W.  altaica  Yolkin,  the  transition  between  el¬ 
ementary  evolutionary  stages  I  and  II  is  restricted  to  the 
base  of  the  Demirastrites  triangulatus  Zone.  This  horizon 
can  be  used  as  a  boundary  between  the  two  fourth-order 
cycles  within  the  third-order  cycle  1.  It  also  agrees  with 
sedimentological  data.  In  the  Ust'-Chagyrka  section 
(Yolkin  and  Zheltonogova,  1974;  Yolkin  et  al.,  1988),  a 
clear  shallowing  takes  place  within  the  Coronograptus 
cyphus  Zone.  It  is  represented  by  sparitic  limestone 
interbeds  and  lenses  with  trilobites,  brachiopods,  and 
ostracodes.  A  subsequent  deepening  occurs  near  the  base 
of  the  D.  triangulatus  Zone.  Lithologically,  it  consists  of 
black,  fine-grained  siliciclastics  with  abundant  grapto- 
lites.  Thus,  the  third-order  cycle  1  may  be  subdivided 
into  two  fourth-order  cycles,  with  a  boundary  between 
them  at  the  base  of  the  D.  triangulatus  Zone. 

Another  example  is  the  Kuimov  Formation  (Figure 
3).  Its  lower  boundary,  as  noted  above,  coincides  with  a 
minor  deepening  event.  This  entire  formation  represents 
a  shallowing-up  sequence.  It  may  be  correlated  by 
benthic  fauna  with  the  Elton,  Bringewood,  and  Leint- 
wardine  beds  of  the  British  Isles  (Cocks  et  al.,  1971).  This 
interval  is  bounded  by  two  deepening  events  (Kaljo  et  al., 
1996).  It  could  be  considered  as  a  first-order  ranking  of 
cycle  3c  in  the  Silurian  succession. 

Third-order  Silurian  cycles  include  depositional 
phases  A  and  B.  They  are  well-defined,  particularly  by 
excursions  of  the  T-R  curve  (Figure  3).  It  is  necessary  to 
add  that  complete  Silurian  and  Devonian  intervals  could 


FIGURE  4 — (opposite)  Relationship  of  Silurian  and  Devonian  T-R 
cycles,  depositional  phases,  reef  limestones,  and  eustatic  curves.  Open 
rectangles  in  reef  limestone  column=cross-bedded  siliciclastics  at  top  of 
cycle  1  and  argillaceous  limestones  between  red  rocks  of  the  Cherny 
Anui  Formation. 
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be  considered  as  separate  fourth-order  cycles  or  deposi- 
tional  periods  (Figure  5).  The  examples  from  the  Silurian 
Period  are  asymmetrical,  while  the  Devonian  examples 
are  symmetrical  cycles. 

Discussion 


The  following  discussion  will  be  concerned  mainly  the 
Silurian  part  of  the  cycle  succession.  Two  recent  compre¬ 
hensive  surveys  (Johnson,  1996;  Kaljo  et  al.,  1996)  sim¬ 
plify  the  task  of  correlating  the  western  Siberian  T-R 
cycles  globally. 

The  primary  focus  for  discussion  is  a  precise  bios- 
tratigraphic  correlation  of  the  initial  Silurian  transgres¬ 
sion.  According  to  the  Ordovician-Silurian  Boundary 
Working  Group  decision  (Williams,  1988),  the  base  of  the 
Silurian  System  is  defined  at  the  base  of  the  Parakido- 
graptus  acuminatus  Zone.  This  stratigraphic  level  is  some¬ 
times  defined  as  the  beginning  of  the  initial  Silurian 
trangression  (Apollonov  et  al.,  1988).  In  the  Altai-Salair 
region  (Yolkin  et  al.,  1988)  and  other  regions  (Cuerda  et 
al,  1988;  Mu,  1988),  however,  the  guide  species  of  this 
zone  appears  at  the  bottom  of  black  shales  that  embrace  a 
large  portion  of  the  Llandovery.  In  the  Altai-Salair  sec¬ 
tions,  these  shales  are  characterized  by  graptolite  associa¬ 
tions  that  successively  change  in  abundance,  and  they 
conformably  overlie  Upper  Ordovician  reef  limestones. 
Kaljo  et  al.  (1996)  noted  the  beginning  of  an  innovative 
stepwise  event  in  graptolite  evolution  with  the  Glypto- 
graptus  persculptus  Zone.  This  event,  designated  by  a  local 
name,  the  Chineta  (G.  persculptus  Zone)  Event  (Yolkin  et 
al.,  1997),  is  important.  It  corresponds  to  the  start  of  the 
first  Silurian  T-R  cycle  (i.e.,  cycle  1),  and  certainly  can  be 
correlated  with  the  beginning  of  the  first  large-scale  Sil¬ 
urian  transgression. 

Deepening  events  at  the  bases  of  the  next  two  T-R 
cycles,  designated  as  the  Syrovatiy  ( Monograptus 
sedgioickii  Zone)  and  the  Chesnokovka  ( Cyrtograptus 
Zone)  Events,  are  in  complete  agreement  with  two 
highstands  (2  and  4)  of  the  Silurian  sea-level  standard 
(Johnson,  1996).  Unfortunately,  there  are  no  direct  data 
available  for  a  precise  location  of  the  fourth  cycle  base.  In 
the  Altai-Salair  section,  it  coincides  with  the  strong  re¬ 
gression  that  is  considered  to  be  Ludlovian  (Figure  3). 
This  event  is  followed  by  strata  with  a  non-marine  red 
color.  In  some  aspects,  this  level  could  be  correlated  with 
the  upper  boundary  of  the  Saetograptus  leintzoardinensis 
Zone  (Kaljo  et  al.,  1996).  It  is  interesting  to  compare  two 
versions  of  the  post -S.leintzvardinensis  sea-level  curve. 
Kaljo  et  al.  (1996,  fig.  6)  showed  it  as  a  symmetrical  T-R 
cycle  similar  to  our  cycle  4  (Figure  5).  Another  version  of 
this  curve  (Johnson,  1996,  fig.  1)  showed  two  highstands 


and  one  lowstand  between  them.  Such  a  picture  is  nor¬ 
mal  for  symmetrical  T-R  cycles  of  shallow-water  conti¬ 
nental  shelves  with  carbonate  reef  buildups  (see  Figures  3 
and  6).  Thus,  these  three  depositional  stages  could  be 
considered  as  three  of  the  first-order  T-R  cycles.  In  this 
case,  their  onset  could  be  tentatively  aligned  with  the 
bases  of  the  Bohemograptus  bohemicus,  Neocucullograptus 
kozlozvskii,  and  Monograptus  parultimus  Zones.  If  such  a 
conclusion  is  correct,  we  should  shift  the  base  of  the 
Cherny  Anui  Formation  in  the  Altai  sections  well  down 
into  the  Ludlow  Series,  and  locate  the  Pridoli  base  at  the 
base  of  the  upper  member  of  that  formation  (Figure  5). 

As  shown  above,  fourth-order  cycles  appear  within 
the  Altai-Salairian  third-order  cycle  3  (Figure  3).  Their 
lower  limits  can  be  correlated  with  the  bases  of  the 
Neodiversograptus  nilssoni  and,  possibly,  the  Gothograptus 
nassa  Zones.  The  first  boundary  is  clearly  expressed  by  a 
deepening  in  the  Altai-Salair  sections,  but  there  is  no  evi¬ 
dence  for  the  second  deepening  event.  The  best  location 
for  the  second  level  is  certainly  the  base  of  the  G.  nassa 
Zone,  which  coincides  with  a  T-R  event  and  biotic  inno¬ 
vations  (Kaljo  et  al.,  1996). 

There  is  a  clear  basis  for  distinguishing  between  the 
two  fourth-order  cycles  within  the  Altai-Salairian  second- 
order  cycle  1.  This  is  the  base  of  the  Demirastrites 
triangulatus  Zone  (see  above).  Its  position  is  slightly  offset 
from  the  eustatic  curve  (Johnson,  1996,  fig.  1).  However, 
this  fixes  the  highstand  (or  deepening)  at  the  level  of  the 
Coronograptus  cyphus  Zone,  instead  of  the  distinctive 
shallowing  in  Altaian  sections  of  the  Altai-Salair  region 
where  graptolite  documentation  is  complete. 

The  level  for  recognizing  two  of  the  fourth-order 
cycles  within  the  Altai-Salairian  third-order  cycle  2  could 
be  the  base  of  the  Monoclimacis  griestoniensis  Zone.  This 
marks  the  start  of  reef  limestone  accumulation  in  the 
Altai-Salair  region,  as  documented  by  graptolites,  but 
with  no  further  continuation  of  a  deepening  event  here. 
This  horizon,  however,  coincides  with  the  onset  of  trans¬ 
gression  on  both  versions  of  the  Silurian  eustatic  curve 
(Johnson,  1996,  fig.  1;  Kaljo  et  al.,  1996,  fig.  6). 

Summary  and  Conclusions 


in  this  report,  the  author  has  focused  on  the  relationship 
between  iterative  patterns  of  morphological  changes  in 
dechenellid  trilobites  and  sedimentary  cycles  and  their 
regional  succession  in  order  to  correlate  these  patterns 
globally.  It  is  very  important  to  avoid  mistakes  in  the  use 
of  such  terms  as  "highstand"  and  "deepening  event". 
Usually  they  are  correctly  considered  as  coeval,  but  also 
they  can  be  tied  to  different  chronostratigraphic  levels  in 
specific  environments,  particularly  in  inner-shelf  sec- 


Siluria n-Devonia n  Trilobite  Evolution  and  Depositional  Cyclicity  in  the  Altai-Salair  Region,  Western  Siberia 


223 


Series 

Stage 

Graptolite  zones 

Formations 

0 

Bathymetry 

1  2  3  4  5 

6 

412 

bouceki-transgrediens 

- 

2 

branikerisis-lochkovensis 

n3 

414- 

415- 

Oh 

parultimus-ultimus 

Cherny  Anui 

s 

formosus 

n2 

£ 

,2 

*3 

<2 

^3 

bohemicus  tenuis-kozlowskii 

o 

p 

Q 

P 

3 

P 

leintwardinensis 

— 

l-J 

G 

.2 

*•*3 

C/3 

scanicus 

Kuimov 

u 

o 

O 

nilssoni 

420 

c 

ludensis 

Chagyrka 

.2 

’S 

praedeubeli-deubeli 

E 

o 

parvus-nassa 

U 

o 

3 

lundgreni 

p 

z 

w 

3 

2 

■3 

rigidus-perneri 

Chesnokovka 

£ 

© 

© 

£ 

riccartonensis-belophorus 

© 

£ 

C/5 

centrifugus-murchisoni 

420 

lapworthi-insectus 

spiralis  interval  zone 

Polati 

■ 

3 

.2 

griestoniensis-crenulata 

V 

U 

"3 

H 

turriculatus-crispus 

Syrovatiy 

guerichi 

SH 

esi 

w 

sedgwickii 

430- 

> 

o 

Q 

s 

3 

'E 

O 

convolutus 

- 

z 

< 

p 

Sh 

U 

*< 

argenteus 

432“ 

433“ 

p 

triangulatus-pectinatus 

Vtoriye  Utyosy 

3 

3 

cyphus 

"s 

« 

T3 

-o 

3 

vesiculosus 

— 

acuminatus 

224 


Yolkin 


tions.  Thus,  the  more  important  results  of  this  study  may 
be  formulated  as  follows: 

As  determined  earlier  (Yolkin,  1983,  p.  70),  morpho¬ 
logical  changes  in  time  within  dechenellid  lineages  dem¬ 
onstrate  iterative  patterns.  The  appearance  of  each  spe¬ 
cies  defines  its  elementary  evolutionary  stage.  Species  are 
combined  into  two-fold  or  three-fold  lineage  splits  by 
trends  in  the  complication  or  simplification  of  glabellar 
and  pygidial  morphology.  Such  fragments  are  repeated, 
in  their  turn,  by  pairs.  These  represent  three  ranks  of 
dechenellid  evolutionary  stages  (Figure  5). 

The  rank  of  dechenellid  evolution  is  aligned  with 
the  local  Silurian-Devonian  succession  of  T-R  cycles. 
This  process  involves  a  sorting  out  of  T-R  initiations  (or 
eustatic  deepenings)  by  evolutionary  stage  limits  for  a 
definition  of  T-R  cycle  orders.  It  was  found  that  regular 
patterns  of  cyclic  deposition  (or  sedimentary  cycles)  coin¬ 
cide  with  events  in  trilobite  evolution.  They  are  related  to 
regular  repetitions  of  symmetrical  and  asymmetrical 
sedimentary  cycles  (Figures  4,  5).  Preliminary  testing  re¬ 
veals  their  agreement  with  the  Silurian  eustatic  curve. 
After  more  testing  of  data  from  different  tectonic  environ¬ 
ments,  particularly  from  the  North  American  craton  (the 
type  area  for  many  aspects  of  the  Silurian  sea-level  stan¬ 
dard;  see  Brett  et  al.,  1990;  Sheehan  and  Boucot,  1991; 
Johnson,  1996),  these  regularities  will  improve  the  accu¬ 
racy  of  global  correlations. 

The  Altai-Salair  Silurian  succession  includes  four 
clearly  expressed  T-R  cycles  (Figures  2  and  4).  They  are 
bounded  by  the  following  event  levels:  Chineta  ( Glypto - 
graptus  persculptus  Zone),  Syrovatiy  (Monograptus  sedg- 
wickii  Zone),  Chesnokovka  ( Cyrtograptus  lapivorthi-C. 
insectus  Zone),  middle  Ludfordian  ( Bohemograptus  bohem- 
icus  Zone)  and  basal  Lochkovian  ( Monograptus  uniformis 
Zone)  events.  Cycles  1  and  2  demonstrate  third-order 
asymmetrical  cycles.  The  second  cyclical  pair  (3  and  4) 
belong  to  the  same  third-order  cycle,  but  is  symmetrical. 
Both  these  pairs  form  two  depositional  phases  (A  and  B), 
or  second-order  cycles. 

The  Silurian  succession  of  fourth-order  cycles  was 
reconstructed  by  calibration  of  ranks  according  to 
dechenellid  evolutionary  stages,  and  further  tested  by 
global  data.  Symmetrical  cycles,  in  concordance  with 
their  three  depositional  stages,  can  be  subdivided  into 
three  subcycles,  but  the  asymmetrical  ones  are  divisible 
into  two  subcycles  or  first-order  cycles.  Their  defining 
horizons  are  the  bases  of  the  Demirastrites  triangulatus, 


FIGURE  6 — (opposite)  Sea-level  curve  for  the  Altai  Silurian  from 
sedimentological  and  faunal  evidence,  based  on  absolute  depth  of 
benthic  assemblages  (see  Brett  et  al.,  1993). 


Monograptus  griestoniensis,  Gothograptus  nassa,  Neodiverso- 
graptus  nilssoni,  and  possibly  the  Neocucullograptus 
kozlowskii  and  Monograptus  paridtimus  Zones. 

Coincidence  of  regular  patterns  associated  with 
dechenellid  evolution  and  depositional  cycles  does  not 
leave  much  room  for  an  explanation  by  exotic  phenom¬ 
ena  or  for  a  very  local  influence.  The  traditional  explana¬ 
tion  for  iterative  evolution  in  trilobites  (Kaufmann,  1933) 
is  that  lineages  evolved  in  succession  from  a  conservative 
parental  stock  that  was  geographically  restricted  much  of 
the  time.  The  parental  stock  managed  to  expand  per¬ 
iodically  to  wider  territories  under  conditions  where 
evolutionary  trends  repeated  themselves.  A  possible  in¬ 
terpretation  links  iterative  patterns  to  relatively  shallow- 
marine  shelves,  where  sea-level  fluctuations  had  a  more 
profound  effect.  A  more  slowly  evolving  parental  stock 
may  have  been  restricted  to  much  deeper,  off-shelf  envi¬ 
ronments,  where  the  same  sea-level  fluctuations  had  less 
effect.  Such  assumptions,  however,  are  not  in  accord  with 
actual  shallow-water  environments  of  the  Silurian-Devo¬ 
nian  Altai-Salair  region  where  dechenellid  trilobites 
evolved.  Available  data  support  the  idea  that  the  main 
factors  of  iterative  evolution  and  cyclic  deposition  might 
be  connected  to  natural  periodic  processes  similar  to 
Milankovitch  cycles  that  acted  on  a  somewhat  longer 
time  scale  than  normally  associated  with  those  particular 
solar  cycles. 
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ABSTRACT — Silurian  strata  on  the  eastern  flank  of  the  cen¬ 
tral  Appalachian  Foreland  Basin  in  Pennsylvania  preserve  the 
signal  of  small-scale  changes  of  relative  sea-level  in  many 
coastal-margin  facies.  At  about  the  same  position  on  the  south¬ 
eastern  flank  of  the  basin,  1-10  m  (most  l-3m)  shalloiving-up 
sequences  are  superimposed  on  larger  scale  facies  architectural 
patterns  in  Llandovery-Pridoli  strata.  Shallow-marine /coastal- 
margin  facies  iti  siliciclastic  (Rose  Hill,  Keefer,  Miff  intown 
Formations)  and  carbonate  (Wills  Creek  and  Tonoloway  For¬ 
mations)  strata  demonstrate  repeated  aggradation  of  the  sedi¬ 
ment-water  interface  to  xoave-base  after  rises  of  relative  sea- 
level.  Red,  siliciclastic  paralic  strata  (Castanea  Member  of 
Tuscarora  Formation  and  Blootnsburg  Formation)  record  re¬ 
peated  alternations  of  shallow  subtidal  and  coastal-mudflat 
conditions. 

These  relationships  demonstrate  that  strata  through 
most  of  the  Silurian  in  central  Pennsylvania  continuously  ex¬ 
perienced  an  equilibrium  between  sedimentation  and  basin- 
flank  accommodation.  Persistent  low-energy  coastal-margin 
conditions  helped  to  limit  transgressive  truncation  of  the 
paralic  depositional  record.  A  persistently  shallozv  pycnocline 
limited  burroiv  homogenization  of  shallow-marine  deposits. 
The  low-energy,  low-gradient  coastal  margin  underwent 
repeated  and  extensive  lateral  shifts  of  position  as  a  result  of 
small-scale  fluctuations  of  relative  sea-level.  Similarities  of 
scale,  facies  sequence,  and  vertical  rhythm  of  the  sea-level 
cycles  in  so  many  disparate  siliciclastic  and  carbonate  deposi¬ 
tional  systems,  and  their  development  at  times  of  minor  oro¬ 
genesis  and  tectonic  quiescence,  suggest  that  the  rhythm  ivas 
driven  by  eustasy. 


Introduction 


VVe  typically  see  patterns  in  physical  phenomena  only 
after  someone  provides  a  conceptual  framework  in  which 
those  phenomena  can  be  understood  (Kuhn,  1962; 


Walker,  1973).  After  a  small  number  of  insightful  sedi¬ 
mentary  geologists  showed  how  meter-scale  cyclical  pat¬ 
terns  in  sedimentary  strata  could  be  related  to  fluctua¬ 
tions  of  relative  sea-level,  others  began  to  find  similar 
patterns.  It  was  not  long  until  meter-scale  shallowing-up 
cycles  were  recognized  in  the  Silurian  succession  of  the 
Pennsylvanian  part  of  the  Appalachian  Foreland  Basin 
(Gwinn  and  Bain,  1964).  Investigations  of  Silurian  cycles 
at  first  focused  on  demonstrating  their  presence  within 
one  or  two  closely  related  stratigraphic  units  (Tourek, 
1970;  Cotter,  1983,  1988),  but  more  recently  attention  has 
shifted  to  an  attempt  at  lateral,  basin-wide  correlation  of 
some  of  the  patterns  (Goodman  and  Brett,  1994).  The  ap¬ 
proach  in  this  report  is  to  look  at  many  different  strati¬ 
graphic  units  from  a  variety  of  environments  that  were 
deposited  at  approximately  the  same  position  on  the 
southeastern  flank  of  the  Appalachian  Foreland  Basin. 
The  objective  is  to  demonstrate  that  numerous  small- 
scale  shallowing-up  cycles  of  similar  magnitude  are 
present  in  many  different  coastal-margin  facies  that  range 
through  most  of  the  Silurian  (Figure  1). 

Silurian  strata  crop  out  in  the  Valley  and  Ridge 
Province  ("Folded  Appalachians")  of  central  Pennsylva¬ 
nia  as  a  series  of  curvilinear  bands  (Figure  2)  that  are 
aligned  approximately  parallel  to  the  depositional  strike 
of  the  flank  of  the  foreland  basin.  Silurian  units  are  ad¬ 
equately  exposed  in  outcrop  to  allow  confident  interpre¬ 
tations  of  depositional  conditions  for  each  stratigraphic 
unit  and  for  regional  assessment  of  their  proximal-distal 
stratigraphic  relationships. 

Paleoenvironmental  Framework 

GENERAL  SETTING. — During  the  Silurian,  Pennsylvania 
lay  near  the  southern  margin  of  Laurentia,  between  20° 
and  30°  south  latitude  (Van  der  Voo,  1988;  Kent  and 
Miller,  1988).  Along  the  southern  edge  of  the  continent 
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FIGURE  1 — Graphic  column  of  Silurian  succession  in  central 
Pennsylvania.  Tuscarora  Formation  extends  down  to  the  base  of  the 
Rhuddanian.  Thickness  in  meters;  grain-size  scale  indicated  at  top  of 
column. 


FIGURE  2 — Silurian  outcrop  (in  black)  within  Pennsylvania.  Striped 
bands  largely  delineate  the  Valley  and  Ridge  Province  (Folded 
Appalachians)  of  central  Pennsylvania.  Inset  shows  location  of 
Pennsylvania  (PA)  in  eastern  United  States. 


FIGURE  3 — Generalized  reconstruction  of  paleoenvironments, 
southeast  flank  of  the  Appalachian  Foreland  Basin  in  Pennsylvania 
during  the  medial  part  of  the  Silurian.  See  Figure  2  for  approximate 
location  of  line  of  section.  Modified  from  Cotter  (1988). 


was  the  Taconic  orogen  that  separated  the  Iapetus  ocean 
from  a  shallow  epeiric  sea  on  the  cratonward  side 
(Ziegler  et  al,  1977).  Between  these  mountains  and  the 
continent  interior  was  a  foredeep,  referred  to  as  the  Ap¬ 
palachian  Foreland  Basin.  From  the  sedimentary  and 
low-grade  metamorphic  rocks  exposed  in  the  Taconic 
orogen,  siliciclastic  detritus  was  transported  northward 
(present-day  northwestward)  into  the  foreland  basin, 
where  it  accumulated  on  a  low-gradient  depositional 
ramp  that  was  generally  covered  by  the  shallow  epeiric 
sea  (Cotter,  1990). 


Paleoenvironments  and  lithofacies  architec¬ 
ture. — A  persistent  tract  of  depositional  facies  character¬ 
ized  this  depositional  ramp  through  much  of  the  Silurian. 
From  a  low-energy  shoreline,  typically  located  close  to 
what  is  now  the  southeastern  border  of  the  Valley  and 
Ridge  structural  province,  the  ramp  deepened  gradually 
toward  a  muddy,  anoxic  basin  center  in  the  vicinity  of  the 
northwestern  margin  of  the  Valley  and  Ridge  (Figure  3). 
Between  the  shoreline  and  the  basin  center,  a  series  of 
sandy  and  shelly  shoals  was  situated  on  an  otherwise 
muddy  shallow  shelf. 
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The  regional  architecture,  on  the  scale  of  formations 
and  members,  of  Silurian  lithofacies  across  the  central 
Pennsylvania  outcrop  belt  was  largely  determined  by  lat¬ 
eral  shifts  of  this  basic  facies  tract.  Southeasternmost 
(proximal)  exposures  in  Pennsylvania  have  a  high  pro¬ 
portion  of  coastal  and  inner-shelf,  coarser-grained 
lithofacies,  while  northwestemmost  (distal)  units  consist 
largely  of  basin-center  fissile  mudrock.  Between  these 
end  members,  units  of  basin-center  mudrock  taper 
toward  the  southeast,  while  units  of  coarser-grained  mar¬ 
ginal  facies  wedge  out  toward  the  northwest  (Figure  4). 
Later  in  the  Silurian,  the  influx  of  siliciclastic  detritus 
waned,  and  owing  to  the  tropical  location  of  the  deposi- 
tional  ramp,  the  composition  of  the  accumulating  sedi¬ 
ment  evolved  from  siliciclastic  to  carbonate  (Figures  1, 4). 

Depositional  settings,  processes,  and  controls  — 
The  axial  part  of  the  foreland  depositional  basin  had  a 
maximum  water  depth  of  little  more  than  50  m  (Johnson, 
1987,  Eckert  and  Brett,  1989;  Cotter,  1990;  Brett  et  al., 

1993) .  Much  of  the  sea  floor  experienced  anaerobic  to 
dysaerobic  conditions  through  most  of  the  Silurian.  The 
pycnocline  was  very  shallow,  probably  much  less  than  20 
m  (Cotter  and  Link,  1993),  and  reflected  the  generally 
oxygen-limited  nature  of  Paleozoic  seas  (Berry  et  al., 
1989)  and  the  existence  of  "greenhouse"  conditions  at  a 
time  of  high  atmospheric  C02  (Fischer,  1981;  Berner, 

1994) .  As  a  result,  most  Silurian  shelf  mudrock  is 
unburrowed  or  only  slightly  burrowed  by  Chondrites,  the 
ichnotaxon  most  tolerant  of  oxygen  deficiency  (Bromley 
and  Ekdale,  1984).  The  anaerobic  conditions  also  made 
most  of  the  muddy  sea  floor  barren  of  indigenous 
macrofauna. 

Exposures  of  Silurian  coastal  facies  in  Pennsylvania 
demonstrate  that  depositional  conditions  were  low- 
energy  and  mud-dominated  through  most  of  the  Silurian. 
Such  coastal  facies  can  be  seen  in  the  Castanea  Member 
(Llandovery,  Rhuddanian)  at  the  top  of  the  Tuscarora 
Formation;  this  member  was  deposited  on  a  low-energy 
shoreline  with  weak  tidal  activity  (Cotter,  1983).  Younger 
Llandovery  (Telychian)  coastal-zone  strata  have  the  char¬ 
acteristics  of  low-  to  moderate-energy  tidal-flat  deposits 
(Smith,  1968;  Klein,  1977;  Cotter,  1988).  Shoreline  deposits 
in  the  Bloomsburg  Formation  (Upper  Silurian,  Lud- 
fordian)  indicate  deposition  along  a  non-tidal,  low- 
energy  muddy  coast  (Driese  et  al.,  1992).  And  finally, 
toward  the  close  of  the  Silurian,  Tonoloway  Formation 
(Ludlow-Pridoli)  limestones  formed  in  association  with  a 
low-energy  sabkha  coast  (Tourek,  1970;  Seidell  et  al., 
1987). 

Between  the  coastal  margin  and  the  basin  center,  the 
gentle  depositional  ramp  contained  a  series  of  mid-shelf 
shoal  complexes  on  which  coarser  sediment  (sand. 
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FIGURE  4 — Proximal-distal  lithofacies  architecture  along  section  in 
Figure  3.  Diagonally  striped  boxes  A-E  indicate  positions  of  units  with 
small-scale  shallowing-upward  cycles.  For  A,  see  Figure  5;  B,  see  Figure 
7;  C,  see  Figure  8;  D,  see  Figures  9,  10;  E,  see  Figure  12.  Modified  from 
Cotter  (1988). 

gravel,  skeletal  debris)  accumulated  (Cotter,  1983,  1988, 
1990;  Cotter  and  Link,  1993).  The  tops  of  these  shoals 
were  above  the  pycnocline,  and  at  times  hosted  an  indig¬ 
enous  benthic  macrofauna.  Episodically,  storms  inter¬ 
rupted  the  calm  of  the  well-stratified  sea  and  winnowed 
and  lowered  the  shoal  tops;  this  resulted  in  the  redistri¬ 
bution  of  sand  and  shell  hash  to  deeper  settings  as  storm 
beds  (Cotter,  1990).  Such  storm  redistribution  of  sediment 
from  shallow  to  deeper  parts  of  the  basin  was  much  more 
effective  during  the  repeated  episodes  of  lowered  relative 
sea-level  (Cotter,  1990)  (see  below). 

Changes  in  climate-sensitive  features  of  the  Silurian 
succession  illustrate  the  effects  of  Laurentia's  migration 
through  different  climatic  zones  (Kent  and  Miller,  1988). 
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Gray  colors  of  terrestrial  mudrocks  in  the  Tuscarora  For¬ 
mation  (lower  Llandovery)  suggest  that  environmental 
conditions  were  moister  than  the  semi-aridity  that  char¬ 
acterized  the  later  part  of  the  Ordovician  (Driese  and 
Foreman,  1992;  Retallack,  1993;  Brogly  et  al.,  1996).  By 
Ludlow  time,  in  the  middle  of  the  Silurian,  conditions 
again  became  semi-arid,  with  a  distinct  alternation 
between  wet  and  dry  seasons  (Driese  et  al,  1992).  In  the 
later  part  of  the  Silurian,  Pennsylvania  experienced  more 
pronounced  aridity,  as  indicated  by  the  presence  of 
evaporite  basins  (Rickard,  1969)  surrounded  by  sabkha 
flats  (Tourek,  1970;  Seidell  et  al.,  1987). 


Small-Scale  Shallowing-Upward 
Sequences  


Ihis  part  of  the  report  will  briefly  detail  the  principal 
characteristics  of  small-scale,  shallowing-upward  se¬ 
quences  in  six  different  formations  of  the  Silurian  succes¬ 
sion  in  central  Pennsylvania.  The  stratigraphic  positions 
of  these  formations,  with  ages  that  range  from  early 
Llandovery  to  Pridoli,  are  shown  in  Figures  1  and  4. 

Castanea  Member  of  Tuscarora  Formation.— The 
Castanea  Member  (Llandovery,  Aeronian)  caps  the 
Tuscarora  Formation  over  much  of  the  central  Pennsylva¬ 
nia  outcrop  belt.  Characteristically,  the  member  consists 
of  red  siltstones  and  very  fine-grained  sandstones  that 
are  thoroughly  riddled  by  Skolithos  burrows  and  locally 
exhibit  desiccation  cracks.  These  features  indicate  deposi¬ 
tion  on  low-energy  coastal  flats  (Cotter,  1983).  Better  ex¬ 
posures  demonstrate  that  these  red  parts  alternate  with 
units  of  drab  greenish-gray,  shallow  subtidal  shale  that  is 
partly  burrowed  by  Chondrites.  The  Mill  Hall  locality,  for 
example,  exhibits  three  shallowing-up  sequences, 
between  5-10  m-thick,  in  which  shallow  subtidal  shale 
alternates  with  red,  Skolithos- burrowed,  coastal-margin 
sandstone  (Figure  5). 

Center  Member  of  Rose  Hill  Formation.— The  Cen¬ 
ter  Member  of  the  Rose  Hill  Formation  (upper 
Llandovery,  Telychian)  (Figures  1,  4),  a  coarser-grained, 
shallow-marine  clastic  unit  that  formed  during  a  fall  in 
relative  sea-level  (Cotter,  1988),  displays  numerous 
small-scale,  shallowing-up  cycles.  A  typical  cycle 
progresses  upward  from  fissile  greenish-gray  shale,  de¬ 
posited  under  low-energy,  low-oxygen,  deeper  condi¬ 
tions,  through  heterolithic  and  symmetrically  rippled 
beds,  to  thicker  sandstones  that  are  hummocky 
cross-stratified  and  commonly  capped  by  a  lag  conglom¬ 
erate  (Figure  6). 
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FIGURE  5 — Three  shallowing-up  cycles  in  Castanea  Member  at  top  of 
the  Tuscarora  Formation.  Mill  Hall  locality  near  Lock  Haven, 
Pennsylvania. 

Cycles  such  as  these  represent  an  alternation  of  rela¬ 
tive  deepening  followed  by  shallowing  of  the  mid-shelf 
shoal  complexes.  A  representative  outcrop  of  the  Center 
Member  along  U.S.  Highways  22-322  north  of  Millers- 
town,  Pennsylvania,  has  thirteen  shallowing-up  cycles 
that  range  from  1-4  m-thick  (Figure  7).  Contemporane¬ 
ous  proximal  strata  at  the  southeastern  edge  of  the  out¬ 
crop  belt  were  deposited  on  a  tidal  flat  coastline;  these 
exhibit  numerous  small-scale  (1-5  m)  fining-  and 
shallowing-up  cycles  (Cotter,  1988). 
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FIGURE  6 — Idealized  shallowing-up  cycle  in  Center  Member  of  the 
Rose  Hill  Formation  (Figures  1, 4).  Vertical  scale  ranges  from  1-4  m  (see 
Figure  7).  From  Cotter  (1988). 


KEEFER  Formation. — The  Keefer  Formation  (lower 
Wenlock,  Sheinwoodian;  Figures  1,  4)  characteristically 
consists  of  three  or  more  small-scale  cycles,  in  which 
gray,  fissile,  subtidal  mudrock  grades  up  into  medium-  to 
coarse-grained  quartz  arenite  that  commonly  contains 
hummocky  cross-stratification.  These  cycles  indicate  that 
the  depositional  setting  shallowed  up  from  anaerobic, 
low-energy,  deeper  conditions  to  high-energy,  storm- 
dominated  conditions  during  which  shelf  shoals  were 
condensed  and  winnowed.  This  situation  is  well-exhib¬ 
ited  at  the  outcrop  north  of  Millerstown  (Figure  8). 

MlFFLINTOWN  Formation.— Above  the  Keefer,  carbonate 
lithologies  in  the  Mifflintown  Formation  (Wenlock)  illus¬ 
trate  the  waning  influx  of  siliciclastic  detritus  from  the 
Taconic  source  terrain.  Much  of  the  Mifflintown  consists  of 
heterolithic  mixtures  of  limestone  and  fissile,  siliciclastic 
mudrock.  These  lithologies  commonly  are  arranged  as  re¬ 
petitive  small-scale  sequences  of  gray  fissile  mudrock 
overlain  by  hummocky,  intraclast-bearing  limestones  (Fig¬ 
ure  9).  These  sequences  were  formed  by  the  shallowing-up 
of  depositional  conditions  from  calm  anoxia  to  episodic 
storm  agitation  (Cotter  and  Inners,  1986). 
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FIGURE  7 — Center  Member  of  Rose  Hill  Formation  on  east  side  of  U.S. 
BLOOMSBURG  FORMATION. — In  Ludlow  time,  the  south-  Highway  22-322,  about  4  km  N  of  Millerstown,  Pennsylvania.  Toothed 

easterly  source  terrain  was  re-elevated  by  an  unloading  bar  along  ri8ht  edSe  indicates  positions  of  thirteen  shallowing-up 
.  /  ,  /r,  .  ,  ,  .  .  &  cycles.  From  Cotter  (1988). 

type  of  relaxation  (Ettensohn,  1994),  and  sluggish  streams 
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FIGURE  8 — Keefer  Formation,  between  uppermost  Rose  Hill  and 
lowermost  Mifflintown  Formations  on  east  side  of  U.S.  Highway 
22-322,  about  4  km  N  of  Millerstown,  Pennsylvania.  Coarse-grained 
units  (at  8,  13,  and  19  m)  are  tops  of  coarsening-up  (shallowing-up) 
cycles.  From  Cotter  and  Link  (1993). 
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FIGURE  9 — Generalized  small-scale  shallowing-up  cycle  in  carbonate- 
dominated  part  of  the  Mifflintown  Formation  on  Pennsylvania 
Highway  103  east  of  Allenport,  Pennsylvania.  Horizontal  scale  is 
weathering  resistance.  From  Cotter  (1990),  with  details  in  Cotter  and 
Inners  (1986). 


contributed  enough  sediment  to  the  coast  that  a  low- 
energy  shoreline  prograded  northwestward  across  part  of 
central  Pennsylvania  (Hoskins,  1961).  The  resulting  red 
mudrocks  and  thin  red  sandstones  are  the  Bloomsburg 
Formation  (Figures  1,  4).  This  formation  also  exhibits  pat¬ 
terns  of  repeated  shallowing-upward  cycles  (Figure  10). 
They  are  best  shown  in  lower  parts  of  the  formation,  where 
they  occur  as  distinct,  1-5  m-thick  intercalations  of  green¬ 
ish  marine  mudrock  and  red,  paleosol-bearing  terrestrial 
mudrock  (Driese  et  al.,  1992).  Thin  transgressive  lags  mark 
transgressive  flooding  surfaces  by  low-energy  marine 
waters  over  the  coastal-margin  flats. 

TONOLOWAY  FORMATION. — Silurian  time  closed  with  car¬ 
bonate  sediment  being  deposited  on  the  southeastern 
flank  of  the  Appalachian  Foreland  Basin.  As  the  source 
terrain  that  had  provided  the  sediment  of  the 
Bloomsburg  Formation  was  lowered,  progressively  less 
siliciclastic  sediment  of  increasing  fineness  entered  the 
basin,  and  carbonate  deposition  gradually  took  over  (Fig¬ 
ures  1,  4).  The  transition  to  carbonates  is  marked  first  by 
argillaceous  limestone  of  the  Wills  Creek  Formation 
(Ludlow),  and  then  by  the  limestone  and  dolostone  of  the 
overlying  Tonoloway  Formation  (upper  Ludlow-lower 
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FIGURE  10 — Six  small-scale  shallowing-up  cycles  in  lower  part  of 
Bloomsburg  Formation  along  railroad  tracks  about  6  km  N  of  Milton, 
Pennsylvania.  Cycles  typically  begin  with  thin  transgressive  sandstone 
lag,  which  is  overlain  by  bioturbated  marine  mudrock,  and  is  capped 
by  terrestrial  paleosol  with  desiccation  cracks  and  pedogenic 
slickensided  surfaces.  Bars  on  vertical  scale  are  2  m  apart,  horizontal 
scale  is  principally  weathering  resistance. 


FIGURE  11 — Generalized  small-scale,  shallowing-up  cycle  in 
Tonoloway  Formation  of  central  Pennsylvania.  Vertical  scale  of  cycles 
1-3  m.  Horizontal  scale  represents  weathering  resistance. 


Pridoli).  Both  of  these  units  accumulated  in  association 
with  coastal  sabkhas  along  the  margin  of  a  subtidal 
evaporite  basin  (Ailing  and  Briggs,  1961;  Fergusson  and 
Prather,  1968;  Rickard,  1969;  Tourek,  1970;  Seidell  et  al., 
1987). 

The  Wills  Creek  and  Tonoloway  Formations  are 
characterized  by  small-scale  shallowing-up  cycles.  These 
were  first  documented  in  detail  by  Tourek  (1970),  and 
have  more  recently  been  described  by  Cotter  and  Inners 
(1986)  and  Goodmann  (1988).  Most  of  the  cycles  are 
between  1-3  m-thick.  An  idealized  composite  cycle  (Fig¬ 
ure  11)  begins  with  a  thin,  basal  transgressive  lag,  and 
progresses  upward  through  blocky,  poorly  fossiliferous 
subtidal  limestone  and  laminated,  desiccation-cracked 
intertidal  limestone  to  vuggy  supratidal  dolostone. 
Stacks  of  cycles  with  variations  on  this  pattern  are  found 
at  nearly  every  exposure  of  the  Tonoloway  Formation 
(Figure  12).  Near  Allenport,  Pennsylvania,  J.  Inners  (Cot¬ 
ter  and  Inners,  1986)  determined  that  the  Wills  Creek  and 
Tonoloway  Formations  contain  62  shallowing-up  cycles, 
most  of  which  are  between  2-10  m-thick. 


Summary  and  Discussion 


For  much  of  Silurian  time,  the  southeastern  flank  of  the 
Appalachian  Foreland  Basin  experienced  shallow-marine 
shelf  and  coastal-margin  conditions.  A  long-term  equilib¬ 
rium  must  have  existed  between  sediment  supply  and 
accommodation  space  to  keep  the  shelf  ramp  gradient 
very  low  and  depths  of  the  sea  very  shallow.  On  this 
ramp,  accumulating  sediment  was  segregated  by  grain 
size,  and  this  resulted  in  a  series  of  coarser-grained 
mid-shelf  shoal  complexes  that  formed  between  a  low- 
energy,  muddy  coastal  margin  and  a  placid,  anaerobic, 
deeper  basin  axis.  Hydrographic  processes  were  typically 
of  low  intensity  in  such  a  protected  leeside  location,  with 
weak  waves  and  little  evidence  of  tides.  Owing  to  a 
well-stratified  water  column  and  a  shallow  pycnocline 
(probably  less  than  10  m),  many  fine  details  of  the  deposi- 
tional  record  were  saved  from  bioturbation. 

Two  factors  combined  to  keep  the  ramp  at  this  equi¬ 
librium  low-gradient  configuration.  First,  episodic 
storms  entrained  coarser-grained  sand  and  skeletal 
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FIGURE  12 — Small-scale,  shallowing-up  cycles  in  Tonoloway 
Formation  in  Iddings  Quarry,  4  km  W  of  Mifflinburg,  Pennsylvania.  See 
Figure  11  for  generalized  cycle.  Horizontal  scale  is  weathering 
resistance. 


scale  fluctuations  of  relative  sea-level  would  have  re¬ 
sulted  in  significant  shifts  of  the  shoreline  and  in  distinct 
changes  in  the  character  of  the  facies  that  accumulated  at 
a  given  location  on  the  depositional  ramp. 

Persistent  throughout  the  Silurian  succession  in 
central  Pennsylvania  are  cyclically  repeating,  small-scale, 
shoaling-up  sequences.  Thicknesses  of  individual  cycles 
range  from  1-10  m,  with  most  1-5  m.  Estimates  of  the 
periodicity  of  these  cycles  (Cotter  and  Inners,  1986;  Cot¬ 
ter,  1988;  Goodmann,  1988;  Goodman  and  Brett,  1994)  are 
in  the  range  of  100  Ka  or  less. 

The  pervasiveness  of  small-scale  cycles  in  this  part 
of  the  Appalachian  Foreland  Basin  is  demonstrated  by 
their  presence  in  strata  that  1)  range  in  age  from  Early 
Silurian  (Llandovery,  Aeronian)  to  Late  Silurian  (Pridoli) 
(Figures.  1,  4);  2)  have  a  variety  of  different  lithologic 
compositions,  both  siliciclastic  and  carbonate;  3)  formed 
at  times  of  either  tectonic  quiescence  or  slight  tectonic  re¬ 
juvenation;  and  4)  accumulated  in  a  great  variety  of 
depositional  systems,  including  low-energy  muddy 
coasts  and  more  distal-shelf  locations.  It  appears  that 
whenever  and  wherever  the  low-energy,  low-gradient 
depositional  surface  was  poised  near  sea-level,  the  accu¬ 
mulating  sedimentary  record  could  resonate  with  what¬ 
ever  factor(s)  forced  the  fluctuation  of  relative  sea-level. 

What  was  the  cause  of  the  meter-scale  rhythm  that 
modulated  coastal  and  shallow-marine  deposition 
throughout  so  much  of  the  Silurian  in  central  Pennsylva¬ 
nia?  Arguing  against  their  localized,  autogenic  origin  is 
the  persistent  development  of  shoaling-up  cycles  of  simi¬ 
lar  magnitude  through  such  a  temporal  range  and  in  so 
many  disparate  depositional  settings  and  compositions. 
Identification  of  the  particular  extrabasinal  cause  or 
causes,  however,  is  still  a  matter  of  conjecture,  and  we 
should  be  cautious  about  accepting  either  estimated 
periodicities  (Algeo  and  Wilkinson,  1988)  or  stacking  pat¬ 
terns  (Drummond  and  Wilkinson,  1993)  as  definitive 
proof  of  Milankovitch  orbital  forcing. 
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debris  from  the  shoal  complexes  and  other  shallow  areas, 
and  redistributed  these  grains  to  deeper  water  locations. 
Secondly,  frequent  changes  in  relative  sea  level  resulted 
in  major  shifts  of  shoreline  location.  The  resulting  ero- 
sional  truncation  (ravinement)  during  lowstands  and 
subsequent  transgressions  also  served  to  redistribute 
sediment  from  proximal  to  more  distal  parts  of  the  basin. 
Because  of  the  low  wave  and  tidal  energy  of  the  Silurian 
coastal  zone,  these  erosional  truncations  did  not  remove 
significant  thicknesses  of  the  earlier-deposited  sedimen¬ 
tary  record.  With  such  a  low  ramp  gradient,  even  small- 
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ABSTRACT — A  model  of  oceanic  cyclicity  published  in  1990 
synthesized  changes  in  biotas,  lithologies,  and  isotopes.  The 
oceanic  model  is  herein  developed  further  in  order  to  under¬ 
stand  and  describe  major  differences  in  the  characteristics  of 
different  oceanic  events.  Both  primo  and  secundo  events  influ¬ 
enced  the  nature  of  succeeding  events.  There  are  four  different 
kinds  of  oceanic  events  with  variable  characteristics.  Milan- 
kovitch  cyclicity  also  gave  each  event  unique  characteristics.  A 
scale  to  describe  the  maximum  severity  of  an  event,  and  the 
effects  of  each  datum  point,  is  based  on  comparisons  with  the 
late  Llandovery-early  ]Nenlock  Ireviken  Event.  Ten  Silurian 
oceanic  events  are  summarized,  and  other  possible  oceanic 
events  are  suggested.  These  events  are  interpreted  to  have  been 
responsible  for  most  Silurian  extinctions. 


Introduction 


The  oceanic  model  (Jeppsson  1990a,  1996,  1997)  devel¬ 
oped  through  efforts  to  understand  data  that  suggested  a 
cyclic  pattern  in  global  Silurian  conodont  diversity  and  in 
the  lithologies  in  which  conodont  elements  are  found.  Six 
features  of  the  oceanic  model  are  important  to  note. 

First  and  most  important,  the  model  provides  test¬ 
able  explanations  for  discoveries  made  after  it  was  devel¬ 
oped,  as  well  as  testable  predictions.  Thus  in  recent  years, 
the  most  fruitful  parts  of  my  collecting  on  Gotland  have 
been  governed  by  such  predictions.  With  thousands  of 
unstudied  localities,  hundreds  of  meters  of  sections,  and 
yields  so  low  that  20-100  kg  samples  or  more  were 
needed  to  produce  an  adequate  collection,  early  sam¬ 
pling  was  reconnaissance  and  based  on  standard  inter¬ 
vals  (e.g.,  every  2  m).  The  model  led  to  the  selection  of 
sections  where  sampling  on  a  centimeter-decimeter  scale 
was  fruitful,  and  suggested  which  additional  localities 
should  be  sampled  for  evidence  of  as-yet  undetected 
events.  Instead  of  only  describing  faunas,  ranges,  and 
gaps,  it  has  been  possible  to  provide  a  coherent  interpre¬ 
tation  of  the  conodont  succession. 


Second,  changes  in  humidity  on  adjacent  lands  are 
proposed  to  be  the  main  cause  of  variation  in  the  amount 
of  carbonate  and  terrigenous  material  in  local  sections.  A 
humid  climate  promotes  weathering  and  erosion  of  ter¬ 
rigenous  material.  Other  effects  of  such  a  climate  are  the 
freshening  and  nutrient  enrichment  of  coastal  water 
masses,  which  are  detrimental  to  production  and  preser¬ 
vation  of  carbonates  (Hallock,  1988).  A  dry,  warm  climate 
creates  conditions  suitable  for  extensive  carbonate  pro¬ 
duction,  such  as  in  reefs,  and  preservation  of  such  sedi¬ 
ments.  Clear  waters  result  in  a  seaward  translation  of 
many  habitat  boundaries,  including  those  of  the 
dysphotic  zone  and  community  boundaries  influenced 
by  their  place  in  that  zone. 

Third,  the  model  suggests  that  the  main  causes  of 
mass  extinctions  in  the  marine  realm  are  sudden  brief 
declines  (a  few  hundred  years  in  duration?)  in  primary 
planktic  production.  This  causes  extinctions  among 
holoplanktic  taxa.  Furthermore,  benthic  taxa  will  be 
affected  by  such  a  decline,  because  many  have  planktic 
larvae  that  feed  on  planktic  organisms.  Other  benthic 
taxa  are  affected,  because  they  are  part  of  the  food  web. 
Brief  drops  in  planktic  production  are  due  to  a  decrease 
in  the  mineral  nutrients  for  planktic  algae.  These  nutri¬ 
ents  derive  from  runoff  and  recycling  of  nutrients  from 
the  deeper  ocean  by  up  welling  (Tappan,  1986).  Changes 
in  either  of  these  sources  affect  primary  production. 

Fourth,  the  model  suggests  that  changes  in  oceanic 
states  were  geologically  fast,  because  they  were  shorter  them 
oceanic  mixing  time  (ca.  1  Ka  in  the  modem  ocean).  As  a 
result,  oceanic  changes  may  be  recorded  across  a  single 
bedding  plane  or  over  an  interval  of  several  centimeters. 

Fifth,  the  frequency  of  changes  in  the  Silurian  is 
higher  than  that  described  by  any  other  model  used  for 
the  Paleozoic.  The  average  duration  of  an  episode  (see 
below)  may  be  2  Ma,  and  the  duration  of  an  event  may  be 
perhaps  100  Ka.  In  many  parts  of  the  stratigraphic  col¬ 
umn,  this  means  that  identification  of  the  oceanic  state 
will  require  a  higher  resolution  than  that  calibrated  by 
existing  zonations  for  shelly  sequences. 
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Sixth,  oceanic  model  suggests  that  sea-level  changes 
are  a  consequence  of  changes  in  oceanic  conditions,  but 
are  not  a  major  force  for  changes  in  sediments  and  fau¬ 
nas.  High-resolution  data  show  that  faunal  and  sedimen¬ 
tary  changes  precede  sea-level  changes. 

The  purpose  of  this  report  is  therefore  to  develop 
further  the  part  of  the  oceanic  model  that  describes 
events.  A  summary  is  provided  of  the  model's  chief  prin¬ 
ciples,  of  the  Silurian  record  of  known  events,  and  of  the 
literature  in  which  the  model  has  been  cited. 

Summary  of  the  Oceanic  Model 

The  oceanic  model  describes  two  stable  and  four  un¬ 
stable  oceanic  states.  It  details  how  the  former  two  stable 
states  are  stabilized  initially  and  then  gradually  destabi¬ 
lized  until  they  end,  and  how  the  four  unstable  states  de¬ 
velop  until  oceanic  conditions  trigger  a  return  to  a  stable 
state.  As  a  result  of  these  changes,  each  state  lasts  for  a 
limited  interval  of  time.  Such  an  interval  is  called  an  "epi¬ 
sode"  if  it  is  a  stable  state,  and  an  "event"  if  it  is  unstable 
(Figures  1,  2).  The  two  stable  states  are  referred  to  as 
"primo"  (P)  and  "secundo"  (S).  These  terms  were  chosen 
so  that  they  do  not  carry  any  association  with  earlier 
terms  for  more  or  less  similar  concepts  (e.g.,  greenhouse 
and  ice-house  states).  Strong  causal  connections  exist 
between  the  characteristics  of  an  event  and  its  preceding 
and  succeeding  episodes;  hence  the  four  kinds  of  events 
are  indicated  by  their  sequence  (e.g.,  a  primo-secundo 
event  or  P-S  event,  etc).  Furthermore,  each  chrono- 
stratigraphic  interval  is  named  from  an  appropriate, 
geographic  place  name,  not  after  a  particular  fossil, 
because  the  latter  tends  to  be  understood  by  specialists  in 
a  particular  taxonomic  group,  thus  limiting  the  term's 
effectiveness. 

In  many  ways,  conditions  during  a  primo  episode 
resemble  the  modem  oceanic  circulation  pattern,  with 
low  atmospheric  C02  concentration  and  cold  high  lati¬ 
tudes.  High-latitude  surface  water  is  close  to  the  freezing 
point  (ca.  -1.8  C),  and  sinks  to  form  deep  oceanic  water. 
The  rate  of  production  of  dense  water  is  high,  as  are  the 
rates  of  deep-water  replacement  and  upwelling,  both  of 
which  provide  a  stable  source  of  nutrients  for  primary 
planktic  production.  Solubility  of  gases  is  highest  in  cold 
water.  This  factor,  coupled  with  the  high  replacement 
rate,  result  in  oxic  deep  water.  Cold  high  latitudes  may 
result  in  glaciations  that  reinforce  the  lowering  of  sea- 
level  by  thermal  contraction  of  deep  water. 

During  a  secundo  episode,  atmospheric  CO,  con¬ 
centration  is  high,  and  high  latitudes  are  too  warm  to 
produce  very  dense  surface  waters.  Instead,  saline  waters 
at  intermediate  latitudes  are  densest  and  form  deep 


oceanic  waters.  This  deep  water  contains  less  oxygen, 
and  the  rate  of  deep-water  production  and  upwelling  is 
less  than  a  tenth  of  what  it  is  today  (Bralowier  and 
Thierstein,  1984);  this  results  in  anoxic  deep  waters.  With 
reduced  upwelling  and  dry  low  latitudes,  planktic  pro¬ 
duction  is  low  but  stable. 

Global  temperature  is  partly  regulated  by  the  oce¬ 
anic  storage  capacity  of  carbon  dioxide.  At  the  onset  of  an 
episode,  the  change  in  the  deep-water  temperature  and 
its  storage  capacity  results  in  a  drawdown  of  C02  at  the 
beginning  of  a  primo  episode,  and  a  release  at  the  begin¬ 
ning  of  a  secundo  episode.  By  the  icehouse-greenhouse 
effect,  these  atmospheric  changes  stabilize  each  type  of 
episode.  Another  major  greenhouse-icehouse  effect  may 
be  related  to  the  storage  of  methane  hydrates  in  deep¬ 
water  sediments  when  their  temperature  is  below  7  C 
(MacDonald,  1997).  Indeed,  deep-water  temperatures 
will  pass  this  critical  stage  during  every  change  between 
primo  and  secundo  conditions.  An  enormous  amount  of 
methane  is  released  when  a  secundo  episode  is  initiated. 

Rapid  carbonate  deposition  and  black  shale  formation 
during  secundo  episodes  gradually  decrease  the  green¬ 
house  effect  and  the  stability  of  a  secundo  episode.  Simi¬ 
larly,  the  strongly  reduced  carbonate  deposition  and  the 
oxygenated  deep-water  sediments  during  primo  episodes 
results  in  a  slow  increase  in  C02  concentration  in  the  atmo¬ 
sphere.  Thus  during  both  kinds  of  episodes,  the  climate 
changes  slowly  until  the  two  alternative  sources  of  deep 
water  produce  waters  of  the  same  density.  Regular  minor 
changes  in  global  temperature  caused  by  Milankovitch 
cyclicity  are  then  enough  to  trigger  an  end  to  the  episode. 

Two  alternative  terminations  are  possible.  Without 
strong  Milankovitch  perturbations,  the  end  of  a  secundo 
episode  is  caused  by  production  of  denser  surface  water 
as  the  new  deep-water  source.  In  this  way,  a  secundo  epi¬ 
sode  is  succeeded  by  a  primo  episode,  and  upwelling 
continues  uninterrupted,  although  at  the  slower  rate 
characteristic  of  secundo  episodes.  The  end  of  a  primo 
episode  is  due  to  Milankovitch-caused  amelioration  of 
high-latitude  climate.  The  existing  deep  water  is  denser 
than  either  high-latitude  deep  water  or  highly  saline 
deep  water  formed  at  low  latitudes.  As  a  result,  deep¬ 
water  renewal  is  interrupted,  deep  upwelling  ceases,  and 
the  primo  episode  is  terminated.  A  drop  in  nutrient  sup¬ 
ply  causes  extinctions  that  result  in  a  "datum"— the  first 
interval  of  unstable  oceanic  conditions  during  the  event. 
Several  factors  contribute  to  a  quick  resumption  of  cold, 
dense,  deep-water  production  (Jeppsson  1997),  but  the 
next  similar  climatic  amelioration  (ca.  31  Ka  later  in  the 
Silurian,  for  example)  causes  a  second  datum.  With  each 
datum,  the  system  comes  closer  to  the  threshold  of  simi¬ 
lar  densities  for  for  both  high-latitude,  cold-dense  waters 
and  low-latitude,  dense  saline  waters. 
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FIGURE  1 — Early  Silurian  oceanic  changes.  Oceanic  episodes  and  events  after  Jeppsson  (1990a,  1993,  1996),  Aldridge  et  al.  (1993),  and 
Jeppsson  et  al.  (1995).  Graptolite  zonation  after  Jaeger  (1991)  and  Koren'  et  al.  (1996);  conodont  zonation  and  the  correlation  between  the 
two  zonations  after  Aldridge  et  al.  (1993)  and  Jeppsson  (In  press). 
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Jeppsson 


Oceanic  events  are  often  discovered  by  a  multi-step 
process.  The  first  step  is  recognition  of  "faunal  assem¬ 
blages"  or  "assemblage  zones".  Interest  in  the  boundary 
interval  may  initially  focus  on  the  lowest  appearances  of 
taxa,  perhaps  with  debate  as  to  whether  the  zonal  bound¬ 
ary  should  be  based  on  the  appearance  of  one  taxon  or 
presence  of  the  "typical  assemblage".  By  focusing  on  the 
recovery  after  the  event,  however,  such  an  event's  begin¬ 
ning  and  early  development  are  left  within  the  preceding 
zone,  and  the  cause  of  the  event  is  not  examined.  For  ex¬ 
ample,  the  major  part  of  the  late  Wenlock  Mulde  Event 
was  long  included  in  the  Cyrtograptns  lundgreni  Zone. 
Even  today,  when  the  top  of  this  zone  is  defined  at  a 
graptolite  extinction  horizon,  this  has  left  the  initial  30  Ka 
or  100  Ka  of  the  event  unstudied.  Work  on  boundary  in¬ 
tervals,  however,  will  hopefully  reveal  both  the  begin¬ 
ning  and  the  end  of  these  brief  extinction  events. 

Efforts  to  identify  causes  of  these  correlated  changes 
led  to  development  of  an  empirical  oceanic  model  (Jep- 
psson,  1990a).  The  focus  shifted  back  to  extinction  events 
when  I  assembled  a  high-resolution  record  of  extinctions 
and  other  changes  for  the  Ireviken  Event  across  the  Lland- 
overy-Wenlock  boundary.  This  record  revealed  many 
details  of  the  event,  including  the  existence  of  a  series  of 
extinctions  (datum  points)  and  their  timing  and  strength. 
The  search  for  a  cause  of  this  event  was  fruitful  when  the 
effects  of  Milankovitch  cyclicity  were  included  in  the  oce¬ 
anic  model  (Jeppsson,  1997).  One  result  was  a  general 
model  for  the  sequence  and  timing  of  the  changes  during 
primo-secundo  events.  This  report  thus  develops  another 
aspect  of  the  oceanic  model  that  results  when  Milan¬ 
kovitch  perturbations,  and  explains  why  different  oceanic 
events  can  have  such  variable  characters  and  effects. 


Development  and  Use  of  the 
Oceanic  Model 

The  oceanic  model  (Jeppsson,  1988a,  1989,  1990a)  ad¬ 
dressed  a  large  number  of  observations  on  anomalies  in 
the  conodont  succession  (Jeppsson,  1975,  1983)  and  fluc¬ 
tuations  in  the  frequency  of  certain  lithologies  (Jeppsson, 
1984,  1985,  1987b).  Further  developments  of  the  model 
have  involved  the  inclusion  of  Milankovitch  effects 
(Jeppsson,  1997),  discovery  of  the  possibility  of  different 
kinds  of  events  (Jeppsson,  1990b,  1996,  1997,  discussion 
below),  a  theory  for  primo-secundo  events  (Jeppsson, 


FIGURE  2 — (opposite)  Late  Silurian  oceanic  changes.  Oceanic  sequence 
from  L.  Jeppsson  and  R.J.  Aldridge  (unpub.  data).  Sources  of  graptolite 
zones  in  Figure  1  explanation. 


1997),  developments  in  terminology  (Aldridge  et  al., 
1993),  isotope  data  for  quantification  of  the  degree  of 
changes  (Samtleben  et  al.,  1996),  and  a  calibration  scale 
for  the  severity  of  events  (Jeppsson,  1996). 

Carbon  and  oxygen  isotope  changes  caused  by  oce¬ 
anic  changes  were  predicted  (Jeppsson,  1990a),  and  have 
now  been  found  (Talent  et  al.,  1993;  Brenchley  et  al.,  1994; 
Samtleben  et  al.,  1996;  Wenzel  and  Joachimski,  1996). 
These  changes  are  too  large  to  be  explained  only  by  a 
temperature  change,  but  they  fit  well  with  the  salinity 
changes  included  in  the  model  (Samtleben  et  al.,  1996). 
Calculations  of  the  size  of  the  salinity  changes  are  an  im¬ 
portant  contribution  toward  making  the  oceanic  model 
more  quantitative. 

Carbon  and  oxygen  isotope  trends  during  the  late 
Wenlock  Mulde  Event  have  been  published  from  British 
sections  (Corfield  et  al.,  1992;  Corfield  and  Siveter,  1992; 
D.J.  Siveter  in  Kaljo  et  al.,  1995).  The  Lau  Primo-Secundo 
Event  has  been  sampled  in  Australia  and  on  Gotland  (Tal¬ 
ent  et  al.,  1993).  These  detailed  studies  may  be  extremely 
important  in  the  description  of  events  and  may  deter¬ 
mine  how  and  when  the  new  deep-water  sources  re¬ 
placed  the  old:  at  the  end  of  the  event  (Jeppsson,  1997)? 
Did  the  event  involve  a  three-layered  ocean?  If  so,  when 
and  what  kind  of  changes  took  place,  and  in  what  order? 

Empirical  data  on  the  global  cyclicity  of  reef  forma¬ 
tion  has  been  related  to  oceanic  cyclicity  (Jeppsson, 
1990a;  Kershaw,  1993;  Kershaw  and  Keeling,  1994; 
Brunton  and  Copper,  1994;  Brunton  et  al.,  In  press).  Local 
and  regional  responses  to  global  cyclicity  have  been 
widely  studied  (Jeppsson,  1990a,  1997;  Aldridge  et  al., 
1993;  Jeppsson  et  al.,  1994,  1995;  Wang  and  Jeppsson, 
1994;  Garcia-Lopez  et  al.,  1994;  Kaljo  et  al.,  1995;  Kleffner 
et  al.,  1995;  Kluessendorf  and  Mikulic,  1996;  Berry,  1996, 
this  volume;  Radcliffe,  1996;  Martnik  and  Malkowski, 
1996;  Snigireva  and  Bikbaev,  1996).  The  role  of  nutrient 
supply  and  ocean  chemistry  has  been  reviewed  by 
Brasier  (1992, 1995a,  1995b). 

Late  Ordovician  extinctions  were  studied  by 
Brenchley  et  al.  (1994,  1995)  and  Armstrong  (1995,  1996). 
Silurian  extinctions  caused  by  the  primo  and  secundo 
events  are  now  widely  known  (Jeppsson,  1990a,  1993, 
1996,  1997,  In  press;  Boucot,  1991;  Aldridge  et  al.,  1993; 
Urbanek,  1993;  Melchin,  1994;  Jeppsson  et  al.,  1995; 
Storch,  1995;  Kaljo  et  al.,  1995;  Nestor,  1996).  Documenta¬ 
tion  of  range  ends  and  extinctions  within  single  taxo¬ 
nomic  groups  are  available  for  the  Silurian  (e.g.,  Koren', 
1991,  Urbanek,  1993,  1995).  Effects  on  fish  faunas  were 
analyzed  by  Fredholm  (1989),  chitinozoans  by 
Sutherland  (1994)  and  Nestor  (1996),  acritarchs  by  Le 
Herrise  and  Gourvennec  (1995)  and  Eriksson  and 
Hagenfeldt  (1997).  A  possible  effect  on  conodont  evolu¬ 
tion  was  suggested  by  Corradini  et  al.  (1995). 


Silurian  Oceanic  Events:  Summary  of  General  Characteristics 


243 


Kinds  of  Events 


.Extinction  events  may  be  very  different  from  one  an¬ 
other.  In  the  past,  studies  of  extinctions  have  often  in¬ 
voked  hypothetical,  group-specific  changes,  or  secular 
changes  (e.g.,  a  late  Wenlock  regression  or  transgression) 
that  did  not  explain  how  such  presumed  gradual  change 
could  trigger  an  extinction  across  a  single  bedding  plane. 
Separate  causes  for  each  event  were  proposed,  or  single 
effects  of  each  event  were  hypothesized.  More  than  one 
cause  of  an  event  is  certainly  possible  (e.g.,  the  effects  of  a 
bolide  on  an  extinction),  although  the  oceanic  model  re¬ 
veals  two  factors  which  result  in  a  difference  in  the  char¬ 
acters  of  the  events.  First,  there  are  four  kinds  of  oceanic 
events.  Second,  Milankovitch  pertubations  not  only  be¬ 
gan  many  of  the  events,  but  also  shaped  their  develop¬ 
ment.  The  pattern  of  Milankovitch  perturbations  led  to 
the  interference  of  several  cycles  with  different  periods. 
The  brevity  of  an  event  and  the  much  longer  periodicity 
of  the  Milankovitch  pattern  give  each  event  a  unique  pat¬ 
tern  and  character.  Each  datum  probably  differs,  however, 
mainly  in  one  variable  (severity),  and  extinctions  are  trig¬ 
gered  in  the  same  way.  The  oceanic  model  correctly  ana¬ 
lyzes  documented  effects  and  predicts  other  effects. 

A  third  cause  of  differences  between  weak  and  se¬ 
vere  events  may  be  related  to  the  type  of  layered  ocean 
that  developed  during  each  part  of  the  event.  If  a 
three-layered  ocean  developed,  consisting  of  a  lower 
layer  of  aging  isolated  water,  a  middle  layer,  and  new 
surface  water  formed  from  the  middle  layer,  then  most 
nutrients  lost  from  the  surface  layer  would  drop  down  to 
the  lower  layer  with  very  little  brought  up  by  upwelling 
from  the  middle  layer.  The  heat  flow  from  the  newly 
formed  ocean  bottom  at  mid-oceanic  ridges  would  re¬ 
duce  density  enough  to  produce  new  surface  water  from 
the  middle  layer.  At  the  end  of  such  an  interval  with  a 
three-layered  ocean,  heating  of  the  bottom  layer 
(Worthington,  1968)  would  proceed  until  it  too  partici¬ 
pated  in  the  upwelling.  Primary  planktic  production 
would  reflect  this  change,  and  very  low  production 
would  be  followed  by  a  slight  increase.  A  disaster  fauna 
(i.e.,  6.2  on  the  severity  scale)  may  indicate  a  three¬ 
layered  ocean.  The  best  known  Silurian  disaster  faunas 
(during  the  Ireviken,  Mulde,  and  Lau  Events)  are 
strongly  dominated  (up  to  98%)  by  Panderodus  ecjuico- 
status.  The  rest  of  the  fauna  is  often  formed  by  Pseudo- 
oneothodas,  Decoriconus,  Dapsilodus,  Oulodus  sp.,  and  a 
species  of  the  Ozarkodma  bohemica  group.  Blooms  of  more 
or  less  dwarfed  forms  of  the  Pristiograptus  dubins  lineage 
seem  to  be  a  characteristic  of  relatively  severe  intervals 
(Jaeger,  1991),  while  a  graptoloid-free  gap  may  indicate 
the  most  severe  interval  late  in  the  history  of  the  event. 


Datum  Points 


The  range  in  duration  of  a  datum  is  not  yet  known.  At 
Datum  2  of  the  late  Llandovery-early  Wenlock  Ireviken 
Event  on  Gotland,  one  subspecies  of  Panderodus  panderi 
became  extinct,  but  another  subspecies  invaded  the  area 
so  quickly  that  it  is  present  in  the  next  sample.  Sampling 
was  continuous  within  only  one  bed  (a  few  centimeters) 
in  each  sample.  It  follows  that  the  maximum  interval  of 
absence  of  the  species  is  only  a  few  centimeters.  The  rate 
of  sediment  accumulation  (Jeppsson,  1987a,  1990a)  indi¬ 
cates  that  this  may  correspond  to  a  few  hundred  years. 
Considering  the  probable  maximum  life  span  of  taxa  that 
perished  (e.g.,  Jeppsson  1976),  this  would  be  more  than 
enough  to  cause  extinctions  through  elevated  larval  mor¬ 
tality,  with  decreased  primary  planktic  productivity.  The 
invading  subspecies  might  have  survived  in  refugia,  may 
have  been  tolerant  of  the  conditions  during  the  datum, 
and  hence  may  have  appeared  before  its  end,  when  com¬ 
petitive  exclusion  ceased. 

I  described  a  kind  of  intermittent  (Lazarus)  distribu¬ 
tion  connected  with  improved  conditions  after  Datum  3 
of  the  Ireviken  Event  (Jeppsson,  1997).  In  addition  to 
these  reappearances,  the  closely  spaced  (1-5  cm),  abun¬ 
dant  (typically  several  thousands  of  elements  each)  col¬ 
lections  from  Lusklint  1  have  revealed  a  previously  un¬ 
known  pattern  of  intermittent  distribution.  Several  taxa 
reappear  very  briefly  near  one  or  more  datum  points  and 
are  especially  noteworthy  during  Datum  2,  the  horizon 
associated  with  the  largest  number  of  extinctions  and  dis¬ 
appearances,  but  are  also  found  near  other  datum  points 
(Figure  3).  A  probable  explanation  is  that  their  intermit¬ 
tent  appearance  was  due  to  competitive  exclusion,  and 
that  this  competition  relaxed  when  physical  stress  in¬ 
creased  and  lowered  the  number  of  individuals.  A  strong 
decrease  in  conodont  element  frequency  agrees  with  such 
an  interpretation.  Further  analyses  of  the  Lusklint  collec¬ 
tions  are  likely  to  reveal  more  such  intermittent  appear¬ 
ances.  With  more  widely  spaced  collections,  these  sporadic 
appearances  would  easily  be  mistaken  for  a  continuous 
range,  and  would  therefore  interfere  with  efforts  to  iden¬ 
tify  datum  points  and  their  effects.  For  example,  in  the 
best-known  section  through  the  early  part  of  the  Lau 
Event  (Figure  4),  the  distance  between  the  samples  is 
about  0.1  m  or  more.  Even  though  several  thousand  con¬ 
odont  elements  were  recovered  in  most  collections,  this 
was  not  enough  to  include  an  average  of  five  specimens 
of  the  rarest  and  most  interesting  taxon  (this  was  due  to 
the  very  high  frequency  of  the  four  dominant  taxa).  Fur¬ 
ther  analyses,  including  those  of  frequency  changes,  may 
reveal  datum  points  based  on  experience  gained  from  the 
Ireviken  Event. 
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Primo-Secundo  Events 


Both  a  theoretical  understanding  of  P-S  events  and  the 
empirical  knowledge  of  the  best-known  event  (Jeppsson, 
1997)  are  now  better  established.  Several  datum  points 
indicate  a  stepwise  deterioration  through  the  event  (Fig¬ 
ures  3  and  4).  Closely  spaced  collections  permit  identifi¬ 
cation  of  at  least  three  phases  of  the  event.  During  the 
first  phase,  only  the  Milankovitch  cycle  with  the  stron¬ 
gest  effect  at  higher  latitudes,  or  the  obliquity  cycle 
(today  41  Ka  but  only  ca.  31  Ka  in  the  Early  Silurian 
[Berger  et  al.,  1989])  caused  datum  points.  In  the  second 
phase,  the  threshold  was  lowered  so  much  that  one  or 
more  of  the  other  Milankovitch  cycles  may  have  trig¬ 
gered  a  halt  in  deep-water  production  that  led  to  more 
closely  spaced  datum  points.  The  final  phase  consisted  of 
a  long  stop  in  the  upward  transport  of  nutrients. 

A  combination  of  data  on  the  spacing  of  P-S  events, 
their  relative  severity,  the  degree  of  recovery  after  each  da¬ 
tum,  and  lithologic  changes  permits  a  detailed  analysis  of 
the  cause  and  effects  of  and  allows  predictions  on  other 
undocumented  effects  (Jeppsson,  1997).  The  major  prob¬ 
lem  in  such  an  analysis  is  the  high  (local)  precision 
required  to  identify  the  range  ends  (a  precision  of  a  few  Ka 
is  required)  and  the  number  of  affected  taxa  for  which  data 
are  needed.  The  latter  requirement  means  that  progress 
requires  the  combined  efforts  of  many  specialists. 

Secundo-Secundo  Events 


Under  conditions  of  fluctuating  salinity  during  a 
secundo  episode,  deep-water  production  is  expected  to 
be  episodic.  Deep-water  transfer  to  the  surface  is  limited 
by  heat  flow  from  the  ocean  bottom.  Thus  a  certain  de¬ 
gree  of  fluctuating  salinity  would  not  affect  upwelling, 
but  it  probably  would  be  compensated  for  by  changes  in 
the  volume  of  the  deep-water  reservoir  through  small 
vertical  changes  in  the  position  of  the  boundary  layer 
(i.e.,  the  halocline).  If  production  of  unusually  salty  water 
continued  until  a  considerable  part  of  the  deep-water  res¬ 
ervoir  consisted  of  such  water,  a  cascade  of  effects  would 
take  place.  The  surface  water  would  be  freshened  by  loss 
of  salt  to  the  deep-water  reservoir.  Upwelling  of  deep 
water  to  form  surface  water  would  also  require  increased 
energy,  because  it  would  be  denser.  At  a  certain  point, 
deep  upwelling  may  cease.  The  cutoff  of  one  of  the  most 
important  nutrient  sources  for  planktic  production  (espe¬ 
cially  important  during  a  secundo  episode  when  the  run¬ 
off  from  land  was  low)  would  cause  a  decrease  in  pri¬ 
mary  production  and  lead  to  extinctions  among  taxa  that 
depended  on  it.  The  biologic  and  chemical  extraction  of 


calcium  carbonate  in  shallow  areas  would  continue,  and 
the  atmosphere  would  lose  C02.  Because  humidity  and 
temperature  are  coupled,  weathering  would  increase.  In¬ 
creased  availability  of  nutrients  in  coastal  waters  would 
decrease  the  rate  of  calcium  carbonate  deposition  (Hal- 
lock,  1988)  and  lead  to  more  predominant  argillaceous 
sediments.  Furthermore,  this  change  would  contribute  to 
a  return  of  surface  waters  to  normal  densities.  Mean¬ 
while,  the  heat  flow  would  steadily  lower  the  density  of 
the  deep-water  reservoir.  These  processes  would  con¬ 
tinue  until  vertical  circulation  started  again.  At  that  time, 
atmospheric  C02  content  would  increase,  and  normal 
secundo-episode  conditions  would  return. 

Some  of  the  characteristics  of  a  secundo-secundo 
event  are  similar  to  those  of  a  primo  episode  (e.g.,  more 
argillaceous  sediments  and  the  presence  of  some  hardy 
primo-state  taxa  during  the  recovery  interval).  Initially, 
some  taxa  may  become  extinct,  and  at  the  end  of  the 
event,  primo-state  taxa  would  disappear  from  the  record. 
During  primo-secundo  and  primo-primo  events,  how¬ 
ever,  weathering  continues  more  or  less  unchanged,  at 
least  through  the  initial  part  of  the  event.  As  a  result,  one 
of  the  sources  of  nutrients  for  the  planktic  community  re¬ 
mains.  In  contrast,  before  a  secundo-secundo  event  (and 
a  secundo-primo  event),  humidity  and  weathering  are 
very  low.  Therefore  when  recycling  stops  at  the  begin¬ 
ning  of  the  event,  the  result  is  a  deep  but  brief  initial  drop 
in  planktic  production.  It  follows  that  the  initial  extinc¬ 
tion  event  will  be  more  severe  than  for  a  P-S  event,  and 
its  effect  on  different  taxonomic  groups  may  differ. 

The  datum  points  during  a  primo-secundo  event 
are  linked  to  changes  in  high-latitude  climate  that  con¬ 
trols  the  temperature  at  which  the  formation  of  deep  wa¬ 
ter  ceases.  During  a  secundo-secundo  episode,  however, 
humidity  and  temperature  at  low  latitudes  control 
whether  any  water  becomes  dense  enough  to  form  new 
bottom  water.  The  time  scale  of  a  secundo-secundo  event 
requires  identification  of  coeval  Milankovitch  cycles  (for 
more  discussion  and  data,  see  Jeppsson  [1996]  and  de¬ 
scription  of  the  Mulde  Event  below). 

Secundo-Pmmo  Events 


The  initial  phase  of  a  secundo-primo  event  should  re¬ 
semble  a  secundo-secundo  event,  as  the  characteristics  of 
both  reflect  the  starting  conditions  and  the  preceding 
secundo  episode.  A  severe  first  datum  is  therefore  ex¬ 
pected.  The  final  phase  may  deviate  in  some  ways,  and 
its  characteristics  will  determine  the  nature  of  the  subse¬ 
quent  interval  (that  is,  whether  it  will  be  a  primo  or  a 
secundo  episode). 
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FIGURE  3 — Ireviken  Primo-Secundo  Event  and  global  conodont  record.  Zonation  and  ranges  based  on  Lusklint  1  and  Lickershamn  2  sections  on 
Gotland  (L.  Jeppsson,  unpub.  data)  and  other  localities  (Jeppsson,  1997b,  and  references  therein).  Arrows  show  ranges  extend  into  older  and 
younger  intervals.  Open  arrows  show  taxonomically  deviating  segments.  Squares  mark  FAD,  LAD,  Lazarus  end  points,  and  other  important 
changes. 


Two  secundo-primo  events  are  known  (Jeppsson, 
1996).  Both  had  the  expected  strong  effects  (Loydell,  1994; 
Jeppsson,  1996).  Several  other  effects  are  also  known 
(Loydell,  1994;  Jeppsson,  1996),  but  no  data  on  the  se¬ 
quence  of  changes  are  yet  available.  Efforts  to  develop  a 
more  detailed  theoretical  description  are  best  postponed 
until  we  have  detailed  data  to  test. 


Primo-Primo  Events 


A  primo-primo  event  is  similarly  caused  by  a  fluctua¬ 
tion  in  the  density  of  the  source  of  the  deep  water.  The 
temperature  of  high-latitude  surface  water  varies  with 
time.  When  the  water  is  cooler,  its  density  increases,  and 
deep-water  production  increases.  Thus,  upwelling  con- 
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tinues  unchanged,  or  increases  temporarily  if  the  chilly 
period  is  long  and  cool  enough.  If  a  cool  period  is  fol¬ 
lowed  by  a  strong  and  rapid  increase  in  high-latitude 
water  temperature,  then  those  waters  are  not  dense 
enough  to  replace  the  existing  deep  water.  As  a  result, 
downwelling  and  upwelling  cease,  and  an  event  occurs. 

The  effects  of  the  event  would  include  a  drop  in 
planktic  productivity  with  loss  of  upwelling  as  a  source 
of  nutrients.  No  initial  change  in  humidity  and  weather¬ 
ing  is  expected,  however,  and  in  areas  where  terrestrial 
weathering  was  the  main  nutrient  source,  the  effects  on 
planktic  productivity  are  small.  Extinctions  in  oceanic 


taxa  that  depend  on  nutrients  supplied  through  up¬ 
welling  occur,  but  other  taxa  are  less  affected  because  of 
the  steady  supply  of  nutrients  by  terrestrial  weathering. 
The  aging  deep  water  becomes  anoxic,  and  the  deep¬ 
water  sediments  change  correspondingly.  The  gradual  in¬ 
crease  in  dissolved  calcium  carbonate  characteristic  of  a 
primo  episode  (Jeppsson,  1990a)  continues,  and  no  cas¬ 
cade  effect  on  the  global  temperature  is  expected  from  the 
event.  A  counter-effect  may  even  be  expected,  because 
dissolved  C02  remains  in  the  surface  water  and  causes  a 
faster-than-average  increase  in  atmospheric  CO.,. 

In  summary,  primo-primo  events  are  probably 
brief,  have  relatively  low  severity,  cause  no  or  few  extinc¬ 
tions,  and  cause  limited  lithological  deviations.  Detection 
of  a  P-P  event  is  therefore  more  difficult  than  other 
events.  Events  that  cause  an  extinction  will  sooner  or 
later  be  detected  by  repeated  sampling  below  and  above 
the  exact  level  of  extinction.  Similarly,  a  visible  litho¬ 
logical  change  that  reflects  oceanic  cyclicity  suggests  an 
interval  where  an  event  could  be  sampled  for  and  may,  at 
least,  feature  Lazarus  gaps.  Based  on  available  data,  the 
first  hint  of  the  existence  of  a  brief  event,  which  is  charac¬ 
terized  only  by  Lazarus  gaps,  can  only  be  detected  with 
close  sampling  and  sample  sizes  adjusted  to  give  ad¬ 
equate  (large)  collections.  This  is  probably  the  reason  that 
no  P-P  event  has  yet  been  found. 


Precision  in  Silurian  Correlations 


Recognition  of  events  and  study  of  their  details  require  a 
high  level  of  stratigraphic  precision.  Hence  the  existing 
precision  in  Silurian  correlations  should  be  considered. 
Until  thirty  years  ago,  Silurian  correlations  had  such  a 
low  resolution  that  a  correlation  error  of  several  Ma  was 
discovered,  and  resulted  in  recognition  of  a  new  epoch, 
the  Pridoli.  Modem  application  of  a  more  detailed  con- 
odont  zonation  sometimes  reveals  local  and  regional 
correlation  errors  far  above  100  Ka,  even  in  very  well- 
studied  areas  (e.g.,  Jeppsson,  1988b,  In  press;  Jeppsson 
and  Mannik,  1993;  Jeppsson  et  al.,  1994).  Recent  progress 
in  regional  and  global  corrections  has  revealed  at  least 
one  error  as  large  as  several  Ma  even  in  a  very  well-stud¬ 
ied  sequence,  and  several  other  errors  of  that  magnitude 
in  less  well-studied  areas  (Jeppsson,  In  press).  Simply 
stated,  the  errors  may  be  larger  than  one  episode.  With 
frequent  errors,  it  is  understandable  that  our  picture  of 
the  stratigraphic  record  looks  as  if  background  extinction 
was  the  typical  or  even  the  only  factor.  The  situation  to¬ 
day  is  that  extinctions  due  to  oceanic  events  are  known  to 
have  been  extremely  important,  and  only  subsequent, 
very  detailed  studies  can  show  whether  there  was  any 
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FIGURE  4 — Lau  Event.  Stratigraphic  column  for  Gotland;  marls  or  limestones  below  the  event  are  succeeded  by  the  upper  Hemse  Marl  (i.e., 
"flaggy"  interbedded  limestone,  mudstone,  and  marl  with  acmes  of  Daya  navicula  or  Shaleria  sp.),  Eke  beds  (oncolitic  and  range  from  crinoid 
limestone  to  marls),  and  Burgsvik  beds  (clay  and  sandstone  capped  by  oolites).  Conodonts  of  uppermost  Hemse  and  lowermost  Eke  beds  at 
Botvide  1  and  Nyan  2  listed  in  Laufeld  (1974).  Apart  from  Gotland,  few  data  on  changes  during  the  event  are  known,  but  approximate  ranges  for 
some  taxa  not  found  in  this  interval  on  Gotland  are  included.  Five  possible  data  points  marked  with  horizontal  lines. 


significant  background  extinction  in  the  Silurian  marine 
realm. 

The  graptolite  zonation  has  a  higher  precision  than 
any  other  Silurian  zonation  scheme.  Over  the  years,  its 
precision  has  improved  to  the  point  where  it  has  reached 
the  necessary  threshold  for  the  detection  of  events.  As  a 
result,  several  of  the  strongest  Silurian  extinction  events 
were  first  detected  by  studies  on  graptolite  ranges.  These 
have  been  described  and  discussed,  however,  as  exclu¬ 
sively  affecting  graptolites,  since  most  other  taxa  are  lim¬ 
ited  to  sequences  that  lack  a  good  graptolite  record  and 
are  therefore  correlated  at  a  much  lower  precision.  Evi¬ 
dence  from  conodonts  is  now  changing  that  situation  in 
the  Silurian.  This  increased  precision  has  been  important 


in  many  papers  (Jeppsson,  1988b,  1994,  1997;  Jeppsson 
and  Mannik,  1993;  Aldridge  et  al.,  1993;  Jeppsson  et  al, 
1994,  1995). 

The  evidence  shows  that,  first,  in  correlations  of  the 
conodont  and  graptolite  zonations,  the  same  events  af¬ 
fected  both  groups.  Second,  the  threshold  of  precision  for 
discovering  events  in  shelly  sequences  has  been  reached. 
Third,  improved  correlations  of  limestone  sequences 
have  revealed  effects  in  most  groups  of  shelly  fossils  and 
have  opened  for  examination  the  effects  of  the  events  on 
them.  Fourth,  study  of  these  faunal  events  in  marginal 
carbonate  ramp  settings  with  rapidly  changing  litholo¬ 
gies  has  revealed  a  correlated  faunal  and  lithological 
pattern.  This  has  permitted  analysis  of  the  oceanic  and 
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atmospheric  changes  responsible  for  the  cyclicity  that 
caused  the  events.  Fifth,  knowledge  of  physical  (i.e., 
chiefly  lithological)  changes  permits  identification  of 
events  that  include  only  Lazarus  gaps.  Such  events 
would  otherwise  not  have  been  detected,  because  preced¬ 
ing  and  succeeding  faunas  are  similar  and  thus  do  not 
reveal  the  intervening  event.  Only  a  directed  search  with 
the  collection  of  large  samples  will  reveal  Lazarus  gaps  to 
be  real  and  not  due  to  inadequate  sampling.  The  faunal 
effects,  for  example,  of  the  Valleviken  Event  were  discov¬ 
ered  in  this  way;  over  thirty  samples  totaling  more  than 
1,000  kg  yielded  about  20,000  conodont  elements  and  re¬ 
vealed  many  faunal  changes. 

List  of  Known  Silurian  Oceanic 
Events 

In  the  following  list,  data  on  known  Silurian  events  are 
summarized.  Future  work  will  probably  extend  the  list  of 
affected  taxa  to  include  most  major  taxa. 

The  severity  scale  is  based  on  the  conodont  re¬ 
sponse,  especially  those  taxa  which  survived  several 
events  but  which  were  confined  to  refugia  during  more 
severe  parts  of  events.  The  scale  compares  each  fauna 
during  an  event  with  the  succession  of  faunas  during  the 
Ireviken  Event  (Figure  3),  using  presence /absence,  fre¬ 
quency  changes,  and  other  characteristics  (e.g.,  effects  on 
coniform,  ramiform,  and  platform  genera  as  ecologic 
groups).  For  example,  during  the  Ireviken  Event,  Pander- 
odns  serratus  abundance  increased  strongly  after  Datum  2. 
It  became  the  most  common  species  of  Panderodus,  but 
disappeared  with  P.  recurvatus  at  Datum  4  when  P. 
ecjuicostatus  increased  strongly  and  became  dominant. 
The  response  of  these  and  other  taxa  were  similar  enough 
during  other  events  to  give  a  consistent  picture  that  per¬ 
mits  calibration  of  the  effects. 

The  beginnings  and  ends  of  episodes  are  points 
when  the  oceanic  circulation  pattern  changed.  Therefore 
they  are  identified  as  precisely  as  possible.  It  follows  that 
no  area  has  priority  as  a  type  area,  but  a  reference  area 
has  been  given  for  all  named  events.  Future  discoveries 
may  show  that  the  beginning  and/or  end  points  were 
somewhat  earlier  or  later  than  now  known  (e.g.,  the  be¬ 
ginning  of  the  Mulde  Event  is  assumed  to  be  slightly 
older  than  when  it  was  first  named). 

Sand vika  Primo-Secundo  Event 

History. — Described  by  Aldridge  et  al.  (1993). 

Position. — In  Stimulograptus  sedgzoicki  Zone. 


Precision. — No  datum  points  yet  described. 

Severity. — Not  identified,  but  important  extinctions  indi¬ 
cate  that  it  was  relatively  severe. 

Taxa  affected. — Conodonts,  graptolites,  trilobites,  brachio- 
pods,  acritarchs. 

Reference  area. — Oslo  area,  Norway. 

Other  areas. — Britain;  Severnaya  Zernlya;  Anticosti  Island, 
Quebec;  Mackenzie  Mountains,  northwest  Canada 
(Aldridge  et  al.,  1993);  China  (Wang  and  Jeppsson, 
1994). 


"Utilis  Subzone"  Secundo-Primo 
Event 


History. — Described  as  graptolite  extinction  event  by 
Loydell  (1994)  and  discussed  as  oceanic  event  by 
Jeppsson  (1996). 

Position. — In  Stimulograptus  utilis  Subzone. 

Precision. — No  details  for  the  event;  in  shelly  sequences 
the  position  of  the  event  remains  to  be  identified. 

Severity. — Probably  rather  severe,  based  on  effects  on 
graptolites. 

Affected  taxa. — Major  graptolite  extinctions. 

Areas. — Britain  and  Bohemia  (based  on  Loydell,  1994). 

Ireviken  Primo-Secundo  Event 

History. — Noted  on  some  range  charts  since  1964  (e.g., 
Walliser,  1964);  mentioned  as  a  worldwide  crisis  for 
conodonts  by  Aldridge  and  Jeppsson  (1984)  and  as 
an  oceanic  event  by  Jeppsson  (1990a,  1993,  1997) 
and  Aldridge  et  al.  (1993). 

Position. — Spans  the  Llandovery-Wenlock  boundary. 

Precision. — Ten  datum  points  (1,  2,  3,  3.3,  4,  5,  6,  6.2,  7,  8) 
identified  in  carbonate  facies  from  Alaska  to  New 
South  Wales.  The  datum  points  allow  a 
Milankovitch-based  time  scale  for  the  early  and 
main  part  of  the  event  (Jeppsson,  1997). 

Severity. — The  severity  scale  (1-6.2)  is  based  on  this  event. 
For  conodonts,  the  result  was  community  collapse. 

Taxa  affected. — Conodonts  (80%  of  species  extinct  or  dis¬ 
appear),  trilobites  (locally  over  50%  at  Datum  2), 
corals  (Datum  4),  brachiopods  (Datum  4), 
ostracodes  (Datum  4),  graptolites,  chitinozoans, 
polychaetes,  acritarchs. 

Reference  area. — Gotland,  Sweden.  Lithologies  below  Da¬ 
tum  4  are  interbedded  fossiliferous  marls  and 
argillaceous  limestones.  Datum  4  is  marked  by  a 
thin  pyrite  layer  (less-prominent  pyrite  layers  are 
found  just  below  and  above  this  one),  which  has 
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been  traced  for  35  km.  Shortly  afterwards,  the  large 
solitary  coral  Phaulactis  covered  the  sea  bottom  for 
over  57  km  (the  extent  of  outcrops  above  modern 
sea-level).  Strata  between  Datum  4  and  the  end  of 
the  event,  the  upper  Visby  beds,  differ  from  lower 
Visby  beds  by  presence  of  thicker  layers  of  argilla¬ 
ceous  limestone,  thinner  interbedded  marls,  and 
development  of  tabulate  reefs.  After  the  event, 
crinoid  limestone  formed  along  entire  outcrop  belt. 
The  seaward  expansion  of  crinoidal  limestone  facies 
took  time  to  reach  some  areas.  For  example,  dense 
sampling  at  Lickershamn  2  indicates  that  the 
lithological  boundary  may  be  1.5-2  m  above  beds 
that  mark  the  end  of  the  event,  whereas  they  may 
coincide  at  Vattenfallsprofilen  1. 

Other  areas. — The  Ireviken  Event  can  be  identified  wher¬ 
ever  any  of  the  three  graptolite  zones  or  the  five 
conodont  zones  in  Figure  3  are  identified.  Conodont 
markers  of  event  known  in  Britain  (Aldridge  et  al., 
1993),  Australia  (Aldridge  et  al.,  1993,  based  on 
Bischoff,  1986),  Alaska  (Aldridge  et  al.,  1993,  based 
on  Savage,  1985),  Estonia  (Jeppsson  and  Mannik, 
1993),  Poland  (Mannik  and  Malkowski,  1996),  Illi¬ 
nois  and  Wisconsin  (Kluessendorf  and  Mikulic, 
1996),  the  middle  Urals  (Snigireva  and  Bikbaev, 
1996),  and  Nevada  (Berry,  this  volume). 

Boge  Primo-Secundo  Event 


History. — Termed  an  event  by  Jeppsson  (1993)  and  de¬ 
scribed  by  Jeppsson  et  al.  (1995). 

Position. — At  or  just  below  the  top  of  the  Kockella  patula 
and  Cyrtograptus  rigidus  Zones. 

Precision. — Kockella  walliseri  became  extinct  perhaps  30  Ka  af¬ 
ter  Kockella  patula  and  provides  a  second  datum  point. 

Severity. — Unknown,  probably  not  too  severe. 

Affected  taxa. — Conodonts. 

Reference  area. — Gotland,  Sweden.  Only  studied  at 
Slitebrottet  2,  where  argillaceous  limestone  alter¬ 
nates  with  marls  before  and  early  in  the  event.  Clay 
content  considerably  decreased  later  in  the  event, 
and  the  frequency  of  discontinuity  surfaces  in¬ 
creases.  This  locality  was  distal  to  the  area  where 
purer  carbonates  formed  during  the  succeeding 
secundo  episode. 

Other  areas. — Perhaps  in  Britain  (Jeppsson  et  al.,  (1995). 

Valle viken  Primo-Secundo  Event 

History. — Termed  an  event  by  Jeppsson  (1993)  and  de¬ 
scribed  in  Jeppsson  et  al.  (1995). 


Position. — Probably  spans  bases  of  Homerian  and 
Cyrtograptus  lundgreni  Zone.  Spans  base  of  Ozark- 
odina  sagitta  sagitta  Zone. 

Precision. — Details  of  possible  biostratigraphic  impor¬ 
tance  are  described  below  from  two  best-studied 
sections. 

Severity. — Probably  not  more  than  2. 

Known  effects. — Frequency  changes  in  conodonts,  tempo¬ 
rary  absence  of  Kockelella  ortus  ortus  in  later  part  of 
event.  Appearance  of  Ozarkodina  sagitta  sagitta. 

Reference  area. — Gotland,  Sweden.  Studied  at  Slitebrottet 
1  and  5  and  Lannaberget  2.  Lithologic  sequence  and 
changes  are  similar  to  those  for  the  Ireviken  Event 
on  Gotland. 

Other  areas. — Britain  (Jeppsson  et  al.,  1995),  Nevada 
(Berry,  this  volume). 

Mulde  Secundo-Secundo  Event 

History. — Long  evident  as  a  faunal  change  at  the  base  of 
the  Ludlow  in  graptolite  facies  (e.g.,  Elies,  1900; 
Wood,  1900)  and  as  a  graptolite  extinction  event 
(Jaeger,  1959,  1991;  Koren',  1991;  Urbanek,  1995). 
Described  as  an  oceanic  secundo-secundo  event 
that  affected  most  or  all  taxonomic  groups  (Jepp¬ 
sson,  1993,  1996;  Jeppsson  et  al.,  1995). 

Position. — Started  ca.  30  Ka  (to  100  Ka?)  before  end  of 
Cyrtograptus  lundgreni  Chron,  at  or  shortly  after  the 
end  of  the  Ozarkodina  sagitta  sagitta  Zone.  Ended  at 
the  top  (or  base)  of  Colonograptusl  praedeubeli  Zone. 

Precision. — Two  datum  points  and  a  succeeding  recovery 
phase  with  two  or  more  graptolite  zone  boundaries 
(the  number  depends  on  the  position  of  the  end  and 
whether  or  not  the  worst  conditions  resulted  in  a 
graptolite-free  interval  (Figure  5). 

Severity. — Conodont  fauna  after  Datum  2  indicates  a  se¬ 
verity  of  6.2,  at  least  some  communities  collapsed. 

Taxa  affected. — Extinctions  and  disappearances  among 
graptolites,  conodonts,  chitinozoans,  and  shelly  fos¬ 
sils  at  Datum  1.  Extinctions  among  graptolites  and 
changes  in  condonts  at  Datum  2. 

Reference  area. — Gotland,  Sweden.  On  west  Gotland,  the 
sequence  changes  from  interbedded  marls  and 
argillaceous  limestones  before  the  event  into  mud¬ 
stone  (locally  rich  in  graptolites),  siltstone,  oolite, 
and  brick-clay  with  limestone  intercalations  during 
event.  At  end  of  event,  interbedded  marls  and 
argillaceous  limestones  reappear  (at  Djupvik  1-4), 
which  laterally  grade  into  crinoid  limestones  (at 
Loggarve  2  and  Hunninge  1). 

Other  areas. — In  graptolite  facies,  this  event  is  identifiable 
wherever  the  top  Cyrtograputs  lundgreni  Zone  or  the 
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FIGURE  5 — Mulde  Secundo-Secundo  Event.  Lithologic  changes  of  this  event  shown  for  west  Gotland,  where  lithologies  of  the  Slite  Marl,  the 
upper  Mulde,  and  the  Klinteberg  Limestone  represent  the  characteristic  sedimentary  rocks  for  this  area  during  Wenlock-Ludlow.  Conodont 
ranges  chiefly  based  on  Gotland  record,  where  they  can  be  tied  to  the  graptolite  zonation  (Jaeger,  1991,  based  on  data  in  Hede  [1942]  and  Jaeger 
[1981]).  The  author's  graptolites  were  identified  by  H.  Jaeger.  Uncertainty  involves  the  P.  equicostntus-dominated  fauna,  which  may  be  older  than 
the  Bara  Oolite  or  may  occur  below  and  above  the  oolite.  The  second-  to  sixth-oldest  conodont  faunas  are  indicated  with  the  name(s)  of  the 
dominant  taxon  or  taxa. 


Pristiograptus  dubius  parvus,  Gothograptus  nassa- 
Pristiograptus  dubius,  or  Colonograptus?  praedeubeli 
Zones  are  present  (for  areas  and  references,  Koren', 
1984,  1991,  and  Jaeger,  1991).  In  shelly  facies,  it  is 
known  in  Bohemia,  Britain  (Jeppsson  et  al.,  1995), 
and  Nevada  (Berry,  1996,  this  volume). 

Linde  Primo-Secundo  Event 


History. — Termed  an  event  by  Jeppsson  (1983).  Correla¬ 
tions  indicate  the  Linde  Event  caused  the  graptolite 
extinctions  termed  the  "C2"  or  the  " Saetograptus 
leintxvardinensis  Event"  by  Urbanek  (1993);  for  con¬ 
flicting  evidence  see  Lau  Event,  below. 

Position. — High  in  Ancoradella  ploeckensis  Zone  sensu 


Walliser  (1964),  spans  the  top  of  the  faunal  interval 
with  Kockelella  variabilis  variabilis  and  Ozarkodina 
excavata  n.  ssp  A. 

Precision. — No  details  yet. 

Maximum  severity. — At  least  3. 

Affected  taxa. — Conodonts,  graptolites. 

Reference  area. — Gotland,  Sweden.  In  Linde  area, 
lithological  changes  feature  interbedded  marls  and 
argillaceous  limestones  before  and  early  in  the 
event,  and  limestones  late  and  after  the  event. 

Lau  Primo-Secundo  Event 


History. — Termed  an  event  by  Jeppsson  (1990a,  1993),  but 
evident  in  older  range  charts  (e.g.,  Walliser,  1964). 
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FIGURE  6 — Kiev  Secundo-Primo  Event.  Correlation  of  graptolite  and  conodont  sequences  based  on  H.  Jaeger  and  H.P.  Schonlaub's  data  in  Krlz 
et  al.  (1986).  Details  on  order  of  changes  during  event  unknown,  but  conodonts  present  before  or  during  the  event  are  marked.  Figure  mostly 
based  on  Gotland  collections.  Records  after  the  event  are  based  on  restudy  of  published  collections  (e.g.,  H.P.  Schonlaub  in  Krlz  et  al.,  1986; 
Brazauskas,  1989)  and  author's  collections. 


Some  range  data  (conodonts,  graptolites,  chitino- 
zoans  and  ostracodes)  indicate  Lau  Event  caused 
graptolite  extinctions  termed  the  " C  "  event  by 
Urbanek  (1993).  Other  data  point  to  the  "C3"  or 
"Neocucullograptus  kozloivskii  Event"  of  Urbanek 
(1995).  The  conflicting  interpretations  may  be  due  to 
problems  in  graptolite  identifications. 

Position. — Spans  end  of  Polygnathoides  siluricus  Zone. 

Precision. — Ranges  now  known  (Figure  5)  indicate  ca.  five 
datum  points.  Additional  ones  may  be  distinguished. 


Severity. — Successive  conodont  faunas  may  have  resulted 
from  datum  points  with  severities  of  about  1,  2,  4, 
and  6.2.  The  maximum  severities  of  the  Lau, 
Ireviken,  and  Mulde  Events  were  comparable. 

Affected  taxa. — Conodonts,  graptolites,  chitinozoans, 
some  fish,  brachiopods. 

Reference  area. — Gotland,  Sweden.  At  all  sections  across 
the  island  from  Bodudd  1  to  Botvide  1,  the  litholo¬ 
gies  change  from  interbedded  marls  and  argilla¬ 
ceous  limestones  before  and  early  in  the  event. 
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through  a  thin,  more  resistant  "flagstone"  unit,  into 
an  oncolitic  unit.  Overlying  sandstones  and  oolites 
appear  after  the  event  before  marls  and  argillaceous 
limestones  reappear. 

Other  areas. — The  Lau  Event  is  identifiable  everywhere 
the  extinction  of  Polygnathoides  siluricus  is  recorded. 
For  example,  Austria  (Walliser,  1964)  and  the 
middle  Urals  (Snigireva  and  Bikbaev,  1996). 

Klev  Secundo-Primo  Event 


History. — Graptolite  extinctions  were  described  by 
Urbanek  (1995).  The  " Monograptus  spineus  Event"  of 
Urbanek  (1993)  was  partly  included  in  his  "C3"  or 
" Neocucullograpltus  kozlozvski  Event".  This  event  is 
described  herein  as  an  oceanic  event.  (Figure  6). 

Position. — Straddles  Ludlow-Pridoli  boundary;  started  at 
(or  possibly  before)  the  extinction  of  the  conodont 
Ozarkodina  crispa  and  probably  ended  at  the  appear¬ 
ance  of  the  graptolite  Psendomonoclimacis  lochko- 
vensis,  eponymous  species  of  the  P.  lochkovensis 
Zone. 

Precision. — Given  the  probable  duration,  there  are  two 
graptolite  zone  boundaries  (base  and  top  of  the 
Pseudomonoclimacis  parultimns  Zone)  during  the 
event,  as  well  as  those  at  the  beginning  and  end. 

Severity. — Unknown,  but  may  have  been  comparatively 
severe. 

Affected  taxa. — Conodonts,  graptolites,  chitinozoans. 

Reference  area. — Named  for  an  area  on  Gotland  where  the 
richest  pre-event  conodont  faunas  are  known,  but  a 
better  reference  area  should  probably  be  found. 

Other  areas. — Identifiable  where  the  extinction  of  Ozarko¬ 
dina  crispa  or  the  presence  of  Pseudomonoclimacis 
parultimns  has  been  recorded  (Lithuania,  based  on 
data  in  Brazauskas  [1989],  and  Czech  Republic, 
based  on  data  in  Kriz  et  al.  [1986]). 

Klonk  Secundo-Unnamed  Event 

History. — Data  available  in  Jaeger  (1978)  and  Koren' 
(1979).  The  "C4"  or  " Pseudoneocolonograptus  trans- 
grediens  Event"  of  Urbanek  (1995)  involved  grapto¬ 
lites.  Attributed  herein  to  an  oceanic  event.  Work  on 
the  base  of  the  Devonian  generated  many  papers 
(e.g.,  Chlupac  et  al.,  1972),  whose  data  can  be  rein¬ 
terpreted  by  the  oceanic  model. 

Position. — Spans  end  of  the  Silurian.  Started  at  or  possibly 
before  the  extinction  of  " Pseudoneocolonograptus " 
transgrediens,  at  or  near  the  replacement  of  Oulodus 
elegans  elegans  by  O.  elegans  detorta. 


Precision. — No  resolution  yet  possible  in  the  Silurian  part 
of  the  event. 

Severity. — Record  of  graptoloids  disappears  temporarily 
during  the  early  part  of  the  event.  Dominance  of  the 
conodont  Ozarkodina  excavata  just  before  the  end  of 
the  Silurian  at  Klonk  (Jeppsson,  1988b)  may  be  com¬ 
pared  with  its  dominance  in  the  first  Devonian 
fauna  and  in  the  last  one  before  recovery  during  the 
severe  Mulde  Event. 

Affected  taxa. — Graptolites,  conodonts,  chitinozoans,  trilo- 
bites,  ostracodes,  cephalopods,  bivalves,  brachiopods. 
Reference  area. — Not  yet  selected,  but  Bohemia  is  the  best- 
known  area  (data  in  Jeppsson,  1988b). 

Other  areas. — Oklahoma,  based  on  data  in  Barrick  and 
Klapper  (1992). 

Identification  of  Oceanic  Events 

In  order  to  identify  and  study  aspects  of  oceanic  extinc¬ 
tion  events  and  their  datum  points,  two  concerns  must  be 
addressed:  1)  the  precision  of  the  local  range  terminations 
of  taxa;  and  2)  the  requirements  of  what  we  want  to 
study.  These  two  concerns  are  discussed  below. 

Reliability  OF  RANGE  ENDS. — Once  problems  in  identifi¬ 
cation,  contamination,  and  redeposition  are  ruled  out,  a 
single  identified  specimen  establishes  the  presence  of  a 
taxon.  Hence  survival  beyond  an  event  or  a  datum  point 
can  easily  be  proven  with  small  collections,  if  correlations 
are  reliable.  The  probability  that  the  next  event  caused 
the  extinction  can  then  be  analyzed  further. 

Identification  of  a  range  end  (FAD  or  LAD)  or  a 
range  gap  (Lazarus  gap)  requires  much  more  work,  be¬ 
cause  we  need  to  establish  not  only  species'  presence  but 
also  distinguish  species'  absence  from  non-representa¬ 
tion  in  an  inadequate  collection.  It  has  too  often  been  said 
that  we  can  never  find  the  last  specimen  of  a  taxon.  Al¬ 
though  this  may  theoretically  be  true,  it  is  irrelevant  and 
wrong  when  allowed  to  curtail  a  scientific  quest  or 
discussion.  In  the  study  of  range  ends,  the  relevant  ques¬ 
tions  are  those  pertinent  to  analysis  of  data  (e.g.,  questions 
on  confidence  intervals  need  to  be  addressed;  see  review 
by  Sepkoski  and  Koch  [1995]  and  Marshall  [1995]  for  an 
example  of  the  technique).  With  such  knowledge,  we  can 
identify  a  range  end  with  the  precision  and  reliability  re¬ 
quired.  Several  samples  from  both  sides  of  the  range  end 
must  be  analyzed.  With  closely  spaced  samples  and 
sample  sizes  adjusted  to  yield  adequate  collections,  the 
levels  of  the  lowest  and  highest  specimens  can  be  deter¬ 
mined  with  precision,  if  reworking  is  accounted  for.  My 
experience  has  been  that  a  few  adequate  collections  are 
better  than  many  inadequate  collections,  because  of  the 
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increase  in  the  number  of  specimens  per  man-hour  (see 
Jeppsson,  1987a). 

In  my  work  with  the  Ireviken  Event  at  Lusklint  1, 
the  emphasis  was  on  obtaining  high-quality  data  that  re¬ 
duced  statistical  uncertainty  as  much  as  possible.  Thus, 
sampling  was  continuous  near  the  datum  planes,  and 
sample  size  was  calculated  to  yield  at  least  five  speci¬ 
mens  of  the  rarest  taxon  in  every  collection.  In  this  way, 
most  taxa  were  represented  by  many  more  specimens  in 
every  sample  from  its  FAD  to  its  LAD,  and  many  Lazarus 
gaps  were  documented.  Separation  of  reworked  speci¬ 
mens  was  based  on  the  following  combination  of  factors: 
presence  of  an  atypical  mixture  of  growth  stages,  atypical 
frequencies  of  the  different  elements  of  an  apparatus,  and 
elements  of  a  color  not  comparable  to  others  in  that 
sample.  Reworked  specimens  can  be  markedly  darker  or 
stained  and  worn  (compare  Kleffner,  1987).  Furthermore, 
only  rare  mature  specimens  or  fragments  of  the  most  ro¬ 
bust  elements  from  those  taxa  with  the  most  massive  ele¬ 
ments  are  found  among  the  reworked  elements.  In  most 
cases,  reworking  was  noted  in  only  one  or  two  samples  at 
Lusklint  1.  The  only  exception  was  one  fragment  of  the 
very  robust  platform  element  of  Pterospathodus  amorpho- 
gnathoides  in  the  third  sample,  which  ocurred  10-14  cm 
above  a  sample  with  the  latest  unworked  specimens.  The 
lithologies  at  Lusklint  are  highly  argillaceous  limestones 
and  limestone  nodules  interbedded  with  soft  marl,  which 
facilitates  such  close  sampling. 

After  the  range  ends  are  established  at  a  locality,  the 
next  step  is  to  evaluate  how  wide  an  area  such  a  record 
represents.  A  benthic  taxon  may  be  more  or  less  facies- 
restricted,  and  any  difference  in  lithofacies  at  the  level  of 
a  range  end  must  be  contrasted  with  the  known  habitat 
tolerance  of  that  taxon.  High-resolution  correlations 
based  on  conodont  or  graptolite  zonations  can  then  be 
used  to  establish  whether  or  not  the  local  and  regional 
FADs  and  LADs  are  coeval  (within  the  precision  limits  set 
by  the  sampling). 

Necessary  PRECISION.— The  precision  needed  in  future 
work  depends  on  the  problems  examined.  Some  ex¬ 
amples  are  given  below  that  cover  the  more  frequent  ef¬ 
fects  of  oceanic  changes. 

Oceanic  cyclicity  was  a  global  phenomenon.  Ac¬ 
cordingly,  once  the  oceanic  sequence  is  established  and 
the  points  of  change  or  datum  points  are  dated  by  exist¬ 
ing  zonations,  then  identification  of  this  sequence  of 
episodes  and  events  in  a  local  stratigraphic  column  is  a 
matter  of  ordinary  correlation.  The  precision  required  is 
limited  by  the  fact  that  some  episodes  are  as  short  as  1 
Ma.  Recognition  of  the  position  of  known  events  requires 
identification  of  the  extinction  horizon  of  one  or  several 
taxa.  Recognition  of  a  sequence  of  datum  planes  spaced  a 


few  Ka  to  ca.  30  Ka  apart  requires  a  corresponding  preci¬ 
sion  to  identify  the  end-points  of  ranges. 

Studies  of  oceanic  effects  on  other  biotic  groups  re¬ 
quires  high  precision  in  determination  of  range  ends.  If 
such  work  is  undertaken  in  an  area  where  the  oceanic 
record  has  not  been  identified,  the  record  must  be  estab¬ 
lished  or  the  local  effects  on  the  studied  taxon  need  to  be 
correlated  into  an  area  where  the  oceanic  sequence  is 
known. 

Establishing,  correcting,  and  adding  to  the  known 
sequence  of  oceanic  episodes  and  events  require  high 
precision  in  correlation.  Adding  unknown  effects  of  the 
oceanic  cyclicity  (e.g.,  whether  crinoid  limestone  form 
preferentially  at  the  beginning  of  a  secundo  episode)  can 
be  done  either  theoretically  or  empirically.  Any  theoreti¬ 
cal  result,  however,  needs  to  be  tested.  Furthermore,  any 
empirical  result  needs  to  be  extended  to  other  areas,  ep¬ 
ochs,  and  facies.  In  such  tests,  precision  needs  to  be  high. 

Other  Possible  Episodes  and  Events 

During  the  1990s,  the  main  features  of  the  Silurian  se¬ 
quence  of  oceanic  episodes  and  events  were  proposed 
(Jeppsson,  1990a,  1993,  1996,  1997;  Aldridge  et  al.,  1993; 
Jeppsson  et  al.,  1995).  In  addition,  extinction  events  de¬ 
scribed  in  other  ways  (Jaeger,  1959,  1991;  Koren',  1991; 
Urbanek,  1993,  1995;  Loydell,  1994)  have  been  included 
in  this  sequence. 

There  are  probably  more  Silurian  episodes  and 
events  to  be  found.  For  example,  there  are  intervals 
where  the  record  is  not  well  studied  (e.g.,  middle  Shein- 
woodian  and  middle  Pridoli).  Furthermore,  some  of  the 
longest  intervals  now  interpreted  as  a  single  episode  may 
include  more  than  one  episode.  What  is  now  interpreted 
as  a  long  primo  episode  may  be  two  strong  primo  epi¬ 
sodes  separated  by  a  primo-primo  event  or  even  by  a 
weak  primo-secundo  event  and  a  weak,  brief  secundo 
episode.  For  example,  distinct  faunal  changes  during  the 
Snipklint  and  Sproge  Primo  Episodes  may  have  such  a 
cause.  Four  cycles  of  transgressions  and  regressions  have 
been  identified  during  the  Llandovery  (Johnson,  1996), 
but  only  two  oceanic  cycles  are  known  from  that  interval. 
We  may  expect  that  the  Llandovery  oceanic  record  was 
more  complicated  than  now  known. 

Erosion  tends  to  create  good  exposures  where 
secundo  episode  limestones  cap  primo-secundo  event 
marls.  As  a  result,  a  distinct,  protracted  event  at  the 
change  from  primo  to  secundo  conditions  can  often  be 
established  by  samples  large  enough  to  yield  adequate 
collections.  In  contrast,  the  change  from  secundo  to 
primo  conditions  is  more  difficult  to  study  for  two  rea¬ 
sons.  First,  the  drop  in  sea-level  at  the  onset  of  a  primo 
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episode  with  thermal  contraction  of  deep  oceanic  water, 
sometimes  augumented  by  glaciation,  will  lead  to  erosion 
of  the  sediments  from  earlier  events  and  a  resultant  sea¬ 
ward  translation  of  the  facies  belt  where  oceanic  influ¬ 
ence  was  strongest.  Second,  more  argillaceous  and  easily 
eroded  strata  that  overlie  resistant  limestones  are  un¬ 
likely  to  form  a  good  outcrop.  As  a  result,  good  sections 
are  infrequent.  Our  knowledge  of  secundo-primo  epi¬ 
sode  changes  (secundo-primo  event  or  single  datum?) 
was  developed  from  many  localities.  The  relative  preci¬ 
sion  in  the  correlation  of  two  succeeding  samples 
between  localities  is  thus  less  than  +/- 1  m,  and  an  inter¬ 
val  of  several  meters  may  easily  be  missed.  Because  of 
this,  several  secundo-primo  events  may  remain  to  be  dis¬ 
covered  in  the  Silurian.  One  example  where  a  detailed 
study  may  give  such  a  result  is  the  contact  between  the 
Klinte  Secundo  and  the  Sproge  Primo  Episode. 

The  total  number  of  Silurian  episodes  and  events 
may  thus  be  over  thirty-five.  As  shown  in  Figures  1  and  2, 
twenty-four  are  so  well  known  that  they  have  been 
named  (Aldridge  et  al.,  1993;  Jeppsson  et  al.,  1995);  six 
more  are  indicated,  and  an  additional  three  have  been 
discussed  (Jeppsson  et  al.,  1995).  A  few  of  the  latter  ones 
will  probably  soon  be  so  well  known  that  they  can  be 
named.  Wider  interest  in  intervals  of  change  and  high- 
resolution  identification  of  range  ends  will  lead  to  rap¬ 
idly  increasing  knowledge  about  known  events  and  iden¬ 
tification  of  as-yet  undetected  ones.  Studies  of  Silurian 
sequences  may  therefore  continue  to  yield  results  of  gen¬ 
eral  importance  for  study  of  the  Phanerozoic.  Oceanic 
events  affected  lithologies,  stable  isotopes,  and  most  or 
all  major  taxonomic  groups.  Data  from  all  specialists  are 
thus  important  for  future  work  both  with  known  and  un¬ 
known  events. 
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ABSTRACT — Marked  changes  in  conodont  and  graptolite 
faunas  and  in  the  lithology  of  British  and  Scandinavian  Sil¬ 
urian  successions  have  been  related  to  major  changes  in  sites  of 
origination  of  deep-ocean  water.  Central  Nevada  Silurian 
(principally  late  Llandovery-early  Ludlow)  graptolite  faunas 
were  re-examined  to  see  if  the  oceanic  events  recognized  in  Brit¬ 
ain  and  Scandinavia  had  an  impact  on  graptolites  in  central 
Nevada.  Restudy  of  graptolites  in  stratigraphic  successions  in 
the  Roberts  Mountains,  Simpson  Park  Range,  and  Copenhagen 
Canyon  in  the  Monitor  Range  suggests  that  most  of  the  oceanic 
events  recognized  in  Scandinavia  and  Britain  that  took  place 
during  the  late  Llandovery,  Wenlock  and  early  Ludlow  had  an 
impact  on  graptolites  in  central  Nevada.  This  review  suggests  a 
correlation  betzveen  sudden  appearances  of  many  new  grapto¬ 
lite  taxa  and  origination  of  deep  water  at  high  latitudes.  Sig¬ 
nificant  upwelling  near  platform  margins  may  have  been  a 
consequence  of  high-latitude  deep  ivater  origination.  Disap¬ 
pearances  of  graptolites  in  central  Nevada  appear  to  be  linked 
to  times  of  change  in  origination  of  deep-ocean  waters  from 
high  to  middle  latitudes. 


Introduction 


Graptolite  radiations  and  near-extinctions  have  been 
linked  with  changes  in  oceanic  upwelling  along  continen¬ 
tal  shelf  margins  (Berry  and  Finney,  1996;  Finney  and  Berry, 
1996)  and  in  sea-level  (Melchin,  1996).  Wilde  and  Berry 
(1984,  1986)  proposed  mechanisms  by  which  deep-ocean 
circulation  changes  that  resulted  from  sites  of  origination 
of  ocean  deep  waters  could  influence  graptolite  radiations 
and  extinctions.  Wilde  and  Berry  (1984, 1986)  noted  that  in 
modern  oceans,  deep  and  most  intermediate-depth  water 
originates  by  the  sinking  of  cold,  dense  water  in  high  lati¬ 
tudes.  They  further  suggested  that  when  cold  polar  re¬ 
gions  similar  to  those  of  today  existed  in  the  geologic  past, 
origination  of  deep  and  intermediate-depth  circulation 
was  similar  to  that  in  modem  oceans.  During  certain  pro¬ 
longed  intervals  in  the  geologic  record  of  ice-free  high  lati¬ 
tudes,  intermediate  depth  and  even  deep-  ocean  water 


could  have  originated  by  the  sinking  of  relatively  highly 
saline,  dense  waters  at  the  cool  edge  of  mid-latitude  sites 
where  rates  of  evaporation  were  high  (Wilde  and  Berry, 
1984, 1986).  Intervals  during  which  origination  sites  of  in¬ 
termediate-depth  and  deep  ocean  waters  changed  were 
those  in  which  significant  oceanic  changes  took  place. 
Such  changes  could  have  led  either  to  extinctions  or  to  ra¬ 
diations  of  graptolites  and  other  ocean  plankton  (Wilde 
and  Berry,  1984, 1986). 

Aldridge  et  al.  (1993),  Jeppsson  et  al.(1995),  and 
Jeppsson  (1996,  1997)  incorporated  and  expanded  the 
Wilde-Berry  proposals  into  a  comprehensive  model  for 
organismal  changes  linked  to  ocean  circulation  changes. 
Aldridge  et  al.  (1993)  and  Jeppsson  et  al.  (1995)  based 
many  aspects  of  their  model  on  observations  of  con- 
odonts  and  graptolites  from  Silurian  sequences  in 
Scandinavia  and  Britain.  Their  model  (Aldridge  et  al., 
1993;  Jeppsson  et  al.,  1995;  Jeppsson,  1997)  recognized  two 
fundamental  oceanic  conditions.  Under  primo  condi¬ 
tions,  deep-ocean  circulation  is  driven  by  sinking  of  cold, 
dense  water  at  high  latitudes,  and  upwelling  is  enhanced 
(Aldridge  et  al.,  1993;  Jeppsson  et  al.,  1995;  Jeppsson,  1997). 
Oceanic  intermediate-depth  and  deep  waters  originate  at 
the  cool  margins  of  mid-latitude  sites  with  high  rates  of 
evaporation  in  secundo  conditions.  Relatively  dense,  sa¬ 
line  waters  form  most  deep-ocean  waters  during  secundo 
conditions.  Secundo  episodes  have  markedly  reduced 
upwelling  and  are  accompanied  by  significantly  reduced 
oceanic  productivity.  Jeppsson  (1996,  p.  59)  stated,  "As 
now  known,  the  Silurian  oceanic  cyclicity  includes  ten 
precisely  dated  oceanic  events  and  a  couple  of  candi¬ 
dates.  Each  of  these  events  caused  extinctions,  range  gaps 
and  lithologic  changes.  Six  of  the  ten  events  are  primo- 
secundo  (p-s)  events,  and  four  are  secundo-primo  (s-p) 
and  secundo-secundo  (s-s)  events."  Jeppsson's  (1996) 
discussion  suggests  that  many,  if  not  all,  of  these  events 
could  have  had  global  impacts  on  faunas. 

The  intent  herein  is  to  follow  up  on  Jeppsson's 
(1996)  suggestion  by  reviewing  the  Silurian  graptolite 
faunas  in  central  Nevada  that  were  documented  by  Berry 
and  Murphy  (1975),  Berry  (1986),  Murphy  (1989),  and  in 
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field  studies  in  the  summer  of  1996,  which  sought  local 
evidence  in  graptolite  faunas  for  any  of  the  proposed 
primo  and  secundo  events.  Present-day  Nevada  was  on 
an  essentially  northern  margin  of  Laurentia  during  the 
Silurian.  This  plate  was  in  the  tropics,  at  some  distance 
latitudinally  and  longitudinally  from  the  British  and 
Scandinavian  successions  in  which  the  primo  and 
secundo  episodes  and  events  were  recognized.  In  addi¬ 
tion,  that  Laurentian  margin  had  its  own  unique  tectonic 
history  during  the  Silurian  (Sheehan  and  Boucot,  1991).  If, 
as  Jeppsson  (1996)  indicated,  changes  in  ocean  circulation 
did  have  an  impact  on  faunas  globally,  then  such  changes 
may  be  reflected  in  graptolite  faunas  in  central  Nevada. 

The  Nevada  Succession 


Dtudy  of  Silurian  graptolite-bearing  strata  in  Nevada  by 
the  author  and  M.  A.  Murphy  (Berry  and  Boucot,  1970; 
Berry  and  Murphy,  1975;  Murphy  et  al.,  1979;  Berry,  1986; 
and  W.B.N.  Berry  in  Finney  et  al.,  1995)  indicates  two 
principal  graptolite-bearing  successions.  Study  of  one  of 
them  led  to  recognition  of  a  sequence  of  late  Llandovery- 
Early  Devonian  zones  based  on  successions  in  the  Rob¬ 
erts  Mountains  and  the  Simpson  Park  Range  (Berry  and 
Murphy,  1975;  Murphy,  1989)  where  graptolites  occur  in 
the  Roberts  Mountains  Formation.  The  second  sequence 
is  the  latest  Ordovician-Llandovery  succession  in  the 
Monitor  Range  recognized  by  M.A.  Murphy  and  his  stu¬ 
dents.  Graptolites  and  conodonts  from  that  sequence 
have  been  discussed  by  Murphy  et  al.  (1979),  Berry  (1986), 
and  Murphy  (1989).  Late  Ordovician-early  Llandovery 
faunas  occur  in  the  upper  part  of  the  Hanson  Creek  For¬ 
mation.  Late  Llandovery  and  younger  graptolites  found 
in  that  succession  are  in  the  Roberts  Mountains  Forma¬ 
tion  (Berry,  1986;  Sheehan  and  Boucot,  1991). 

The  Silurian  graptolite  faunal  succession  in  the  Rob¬ 
erts  Mountains  Formation  in  the  Roberts  Mountains  and 
Simpson  Park  Range  has  a  likely  correspondence  with 
certain  primo  and  secundo  events  and  episodes  of 
Aldridge  et  al.(1993)  and  Jeppsson  et  al.  (1995)  (see  Figure 
1).  Hurst  and  Sheehan  (1985)  and  Sheehan  and  Boucot 
(1991)  pointed  out  that  the  Roberts  Mountains  Formation 
in  these  areas  accumulated  on  the  upper  part  of  a  slope 
that  lay  adjacent  to  a  carbonate  platform  with  a  spectrum 
of  shallow-marine  environments.  The  slope  upon  which 
the  Roberts  Mountains  Formation  accumulated  formed 
in  the  late  Llandovery  by  collapse  of  part  of  the  platform 
margin  (Sheehan  and  Boucot,  1991,  p.  60).  Early  and 
middle  Llandovery  strata  have  not  been  found  on  that 
part  of  the  platform  that  collapsed  to  become  a  slope  in 
the  late  Llandovery.  Graptolite-bearing,  non-bioturbated, 
thinly  bedded,  silty  carbonates  and  calcareous  siltstones 


and  mudstones  comprise  the  major  part  of  the  Roberts 
Mountains  Formation.  Debris  flows  derived  from  shal¬ 
low-marine  environments  on  the  platform  occur  as  inter¬ 
beds  in  the  graptolite-bearing  strata.  The  debris  flows  are 
thicker  higher  in  the  succession,  and  they  appear  to  be 
thicker  in  more  eastern  sequences  in  the  area  (see  Berry 
and  Murphy,  1975;  Hurst  and  Sheehan,  1985).  These  debris 
flows  bear  conodonts  (Klapper  and  Murphy,  1974),  bra- 
chiopods  (Johnson  et  al.,  1973,  1976),  and  corals  (Johnson 
and  Oliver,  1977). 

Faunas  in  the  basal  beds  of  the  Roberts  Mountains 
Formation  include  Oktavites  spiralis  Zone  graptolites  and 
Pterospathodus  celloni  Zone  conodonts  (see  Murphy,  1989). 
These  faunas  occur  as  interbeds  within,  as  well  as 
stratigraphically  above,  a  distinctive  black  chert.  Cyrto- 
graptus  saktnaricns  Zone  graptolites  are  superjacent  to 
those  of  the  O.  spiralis  Zone.  Appearance  of  a  rich  profu¬ 
sion  of  O.  spiralis  Zone  graptolites  and  P.  celloni  Zone  con¬ 
odonts  is  consistent  with  the  development  of  significant 
upwelling  along  the  platform  margin.  That  upwelling 
could  reflect  oceanic  conditions  consistent  with  the  late 
Llandovery  Snipklint  Primo  Episode. 

Beds  superjacent  to  those  bearing  Cyrtograptus 
sakmaricus  Zone  faunas  are  barren  of  graptolites  and  con¬ 
odonts  (Klapper  and  Murphy,  1974;  Berry  and  Murphy, 
1975;  Murphy,  1989).  The  relatively  sudden  disappearance 
of  graptolites  and  conodonts  in  the  sequence  coincides 
with  a  marked  decline  in  rate  of  sediment  accumulation. 
Approximately  0.3  m  of  strata  are  present  between  the 
latest  Llandovery  graptolites  and  conodonts  and  the  ap¬ 
pearance  of  the  middle  Wenlock  Cyrtograptus  rigidus 
Zone  graptolites.  The  abrupt  disappearance  of  conodonts 
and  graptolites  coincides  and  is  consistent  with  the 
Ireviken  Event  of  Aldridge  et  al.  (1993)  and  Jeppsson 
(1997).  The  absence  of  early  Wenlock  conodont  and  grap¬ 
tolite  faunas  is  consistent  with  development  of  secundo 
conditions  during  the  Vattenfallet  Secundo  Episode  (see 
Jeppsson  et  al.  1995).  The  marked  thinness  of  the  pre¬ 
sumed  lower  Wenlock  suggests  low  rates  of  production 
and  accumulation  of  carbonate  sediment,  which  are  con¬ 
sistent  with  Jeppsson's  (1997)  observations  of  Ireviken 
Event  developments  elsewhere. 

Renewed  carbonate  sediment  production  and  accu¬ 
mulation  on  the  upper  part  of  the  slope  accompanied  ap¬ 
pearance  of  numerous  specimens  indicative  of  Cyrto¬ 
graptus  rigidus  Zone  faunas  in  the  Roberts  Mountains  For¬ 
mation.  These  developments  are  consistent  with  renewed 
upwelling  along  the  platform  margin  that  accompanied 
the  Sanda  Primo  Episode  of  Jeppsson  et  al.  (1995). 

Graptolites  are  relatively  sparse  in  strata  between 
the  Cyrtograptus  rigidus  and  Cyrtograptus  perneri  Zones 
(Berry  and  Murphy,  1975).  This  sparseness  may  reflect 
low  oceanic  productivity  conditions  consistent  with  those 
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OCEANIC  EVENTS  AND 
EPISODES  RECOGNIZED  IN 
SWEDEN  AND  BRITAIN 

SUGGESTED  CORRESPONDING 
EVENTS  IN  NEVADA 
GRAPTOLITE  FAUNAS 

SECUNDO  CONDITIONS 

graptolites  suddenly  become  sparse 

SPROGE  PRIMO  EPISODE 

Colonog.  colonus  -  Neodiversog.  ludensis 

Zone  fauna  appears 

KLINTE  SECUNDO  EPISODE 

Pristiogr.  deubeli  -  P.  ludensis  Zone 

MULDE  SECUNDO  EPISODE 

Cyrtog.  lundgreni  Event:  graptolite  near 
extinctions 

HELLVI  SECUNDO  EPISODE 

Cyrtog.  lundgreni  -  Monog.  testis  Zone 

VALLEVIKEN  EVENT 

onset  of  Cyrtog.  lundgreni  -  Monog.  testis 
fauna 

ALLEKVIA  PRIMO  EPISODE 

Monograptus  perneri  Zone 

LANSA  SECUNDO  EPISODE 

sparse  fauna 

BOGE  PRIMO-SECUNDO  EVENT 

graptolites  rare 

SANDA  PRIMO  EPISODE 

Cyrtograptus  rigidus  Zone  fauna  appears 

VATTENFALLET  SECUNDO  EPISODE 

no  fauna  and  thin  stratigraphic  interval 

IREVIKEN  EVENT 

conodonts  &  graptolites  disappear 

SNIPKLINT  PRIMO  EPISODE 

Cyrtograptus  sakmaricus  Zone 

Oktavites  spiralis  Zone 

Pterospathodus  celloni  Zone  conodonts 

FIGURE  1 — Late  Llandovery  (Snipklint  Episode),  Wenlock,  and  early  Ludlow  (Sproge  Episode  and  younger)  oceanic  events 
and  episodes  in  Sweden  and  Britain.  Corresponding  developments,  primarily  in  graptolites,  in  central  Nevada  in  right 
column. 


of  the  Lansa  Secundo  Episode  of  Jeppsson  et  al.  (1995). 
Allekvia  Primo  conditions  (Jeppsson  et  al.  1995)  may  co¬ 
incide  with  appearance  of  graptolites  of  the  C.  perneri 
Zone  (Berry  and  Murphy,  1975). 

Strata  above  the  Cyrtograpus  perneri  Zone  are  char¬ 
acterized  by  the  relatively  sudden  incursion  of  a  number 
of  new  cyrtograptid  species  and  the  appearance  of 
numerous  specimens  of  Testograptus  testis  (Berry  and 
Murphy,  1975).  These  new  appearances  may  reflect  oce¬ 
anic  conditions  related  to  the  Valleviken  Primo-Secundo 
Event  of  Jeppsson  et  al.  (1995). 

No  evidence  for  the  Hellvi  Secundo  Episode  has 
been  found  in  analysis  of  the  Roberts  Mountains  Forma¬ 
tion  faunas.  Most  of  the  species  that  characterize  the  cen¬ 
tral  Nevada  Cyrtograptus  lundgreni  Zone  appear  to  range 
throughout  the  zone. 

Nearly  all  taxa  in  the  relatively  species-rich  Testo¬ 
graptus  testis-Cyrtograptus  lundgreni  Zone  disappear  within 
a  thin  stratigraphic  interval  (Berry  and  Murphy,  1975, 
Murphy,  1989).  Only  relatively  small  specimens  similar  to 
Gothograptus  nassa  and  slender  Pristiograptus  dubius  re¬ 
main  (Berry  and  Murphy,  1975;  Murphy,  1989).  This  major 
disappearance  of  most  graptolite  taxa  coincides  with  the 


Mulde  Secundo-Secundo  Event  of  Jeppsson  et  al.,  1995) 
and  with  the  Lundgreni  Event  of  Koren'  (1991;  Lenz,  1993, 
1994, 1995;  Koren'  and  Urbanek,  1994). 

Corfield  et  al.  (1992)  conducted  carbon  isotope 
analyses  of  British  strata  across  the  interval  of  the 
Lundgreni  Event.  They  recognized  a  carbon-13  isotope 
excursion  in  the  interval  that  is  consistent  with  markedly 
reduced  surface  water  productivity  at  the  time.  Subse¬ 
quently,  R.M.  Corfield  (personal  commun.,  1996)  ana¬ 
lyzed  Roberts  Mountains  Formation  graptolite-bearing 
samples  from  the  Testograptus  testis-Cyrtograptus  lund¬ 
greni,  Pristiograptus  dubius-Gothograptus  nassa,  Colono- 
graptus?  praedeubeli,  and  Colonograptus?  ludensis  Zones. 
The  geochemical  analyses  of  these  samples  yielded  re¬ 
sults  generally  consistent  with  carbon  isotope  studies 
conducted  on  coeval  strata  in  Britain  (R.M.  Corfield,  writ¬ 
ten  and  oral  commun.,  1996). 

Graptolites  in  the  Roberts  Mountains  Formation 
above  the  Cyrtograptus  lundgreni-Testograptus  testis  Zone 
are  referred  to  three  zones,  which  are,  in  ascending  order: 
Gothograptus  nassa-Pristiograptus  dubius,  Colonograptus? 
praedeubeli,  and  Colonograptus?  deubeli  (W.B.N.  Berry  in 
Finney  et  al.,  1995,  fig.  4).  A  paucity  of  graptolites  in  these 
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zones  is  consistent  with  continued  secundo  conditions. 
Jeppsson  et  al.(1995,  p.  495)  stated  that  the  lower  three  of 
these  zones  are  within  their  Mulde  Secundo-Secundo 
Event.  The  Nevada  Colonograptus?  deubeli  Zone  seems  to 
be  coeval  with  Jeppsson  et  alii's  (1995,  p.  496)  Klinte 
Secundo  Episode. 

Roberts  Mountains  Formation  Silurian  strata 
superjacent  to  the  Colonograptus?  deubeli  Zone  contain  a 
profusion  of  new  graptolite  taxa.  These  taxa  include 
numbers  of  specimens  of  Colonograptus  colonus,  Neo- 
diversograptus  nilsoni,  and  Bohemicograptus  bohemicus 
(Berry  and  Murphy,  1975).  This  sudden  incursion  of  many 
individuals  of  a  number  of  new  taxa  is  consistent  with 
onset  of  the  Sproge  Primo  Episode.  The  abundance  of  in¬ 
dividuals  of  the  many  newly  appearing  taxa  continues 
through  several  meters  (Berry  and  Murphy,  1975; 
Murphy,  1989).  This  abundance  of  individuals  and  taxa 
disappears  relatively  suddenly  at  a  level  that  may  be 
about  middle  Ludlow  (Berry  and  Murphy,  1975;  Murphy, 
1989).  That  stratigraphic  position  may  coincide  with  the 
change  from  primo  to  secundo  conditions  noted  by 
Jeppsson  (1996)  at  about  the  middle  Ludlow.  Higher  Rob¬ 
erts  Mountains  Formation  graptolite  faunas  are  sparse 
(Berry  and  Murphy,  1975;  Murphy,  1989). 

Lower  Llandovery  Graptolites 
in  the  Monitor  Range 

^Mapping  by  M.A.  Murphy  and  students  in  the  Monitor 
Range  revealed  a  succession  of  Late  Ordovician-Silurian 
graptolites  in  the  Copenhagen  Canyon  area  (see  Murphy 
et  al.,  1979;  Finney  et  al.,  1995).  Berry  (1986)  described  latest 
Ordovician  and  Llandovery  graptolites  from  the  upper 
part  of  the  Hanson  Creek  Formation  in  the  Copenhagen 
Canyon  succession.  The  lower  part  of  the  Hanson  Creek 
Formation  in  that  area  accumulated  in  moderate-depth 
subtidal  conditions  (Hurst  and  Sheehan,  1985).  Sea-level 
fall  related  to  late  Ordovician  Gondwanan  glaciation  is 
represented  in  the  upper  part  of  the  Hanson  Creek  Forma¬ 
tion  at  Copenhagen  Canyon  by  prominent  medium-bed¬ 
ded  dolostones  and  a  quartz  sandstone  interval  (Murphy 
et  al.,  1979;  Berry,  1986;  Finney  et  al.,  1995).  Subsequent 
sea-level  rise  with  deglaciation  is  recorded  in  dolostones 
superjacent  to  the  quartz  sandstone.  These  dolostones  ac¬ 
cumulated  in  shallow-subtidal  environments.  They  are 
overlain  by  dark  gray,  medium-bedded  limestones  and 
interbedded  cherts  that  accumulated  in  relatively  deeper 
subtidal  environments  (J.D.  Cooper,  personal  commun., 
1996).  Finney  et  al.  (1995)  recorded  Late  Ordovician  grapto¬ 
lite  faunas  below  the  quartz  sandstone  interval,  and  illus¬ 
trated  a  geologic  map  of  the  area. 


The  Roberts  Mountains  Formation  in  the  Copen¬ 
hagen  Canyon  area  bears  fewer  and  markedly  thinner 
debris  flows  than  in  the  Roberts  Mountains.  As  well, 
graptolite-bearing  layers  are  significantly  less  common  in 
Copenhagen  Canyon  exposures  of  the  Roberts  Moun¬ 
tains  Formation  than  they  are  in  the  Roberts  Mountains. 
Hurst  and  Sheehan  (1985)  indicated  that  latest  Ordovician 
and  Silurian  strata  in  the  Copenhagen  Canyon  area  accu¬ 
mulated  under  relatively  deeper  shelf  waters  than  coeval 
strata  in  the  Roberts  Mountains. 

The  latest  Ordovician  and  Llandovery  graptolites 
recovered  from  the  Copenhagen  Canyon  section  show 
relatively  little  evidence  for  the  Llandovery  oceanic 
events  indicated  by  Aldridge  et.  al.  (1993),  except  for  the 
earliest  Llandovery  Spirodden  and  the  latest  Llandovery 
Snipklint  Episodes.  The  Spirodden  Secundo  Episode  of 
Aldridge  et  al.  (1993)  is  represented  in  Copenhagen  Can¬ 
yon  by  dolostones  and  interbedded  cherts  (Berry,  1986; 
Finney  et  al.,  1995).  A  few  graptolites  indicative  of  a 
Normalograptus  perscidptus  Zone  fauna  and  Dimorpho- 
graptus  swanstoni  occur  in  strata  deposited  during  the 
Spirodden  Secundo  Episode.  The  paucity  of  graptolites  is 
consistent  with  secundo  conditions.  The  next  higher 
graptolite  fauna  found  in  the  Copenhagen  Canyon  suc¬ 
cession  is  indicative  of  the  Rastrites  maximus  Subzone  of 
the  Spirograptus  turriculatus  Zone  (Berry,  1986).  The  ap¬ 
pearance  of  these  graptolites  may  reflect  onset  of  the 
Snipklint  Primo  Episode. 

Strata  superjacent  to  those  with  Dimorphograptus 
swanstoni  display  cut-and-fill  structures.  Highly  con¬ 
torted  strata  occur  above  these  horizons.  A  prominent 
phosphatic  horizon  occurs  above  the  contorted  beds  and 
below  the  Rastites  maximus  Subzone  (Berry,  1986;  Murphy, 
1989).  Hurst  and  Sheehan  (1985,  p.  158)  suggested  that  the 
phosphatic  horizon  was  indicative  of  a  relatively  slow 
rate  of  sediment  accumulation  accompanied  by  relatively 
rapid  deepening.  Cut-and-fill  features  and  the  highly 
contorted  aspect  of  certain  strata  suggest  the  possibility 
that  strong  currents  episodically  swept  the  sea  floor.  If 
they  did,  then  potential  faunas  were  removed.  Such  fau¬ 
nas  would  have  been  the  evidence  for  the  oceanic  events 
described  by  Aldridge  et  al.  (1993). 

The  latest  Ordovician-Silurian  stratigraphic  and 
faunal  record  at  Copenhagen  Canyon  indicates  that  some 
sediment  did  accumulate  in  relatively  deep-shelf  envi¬ 
ronments  during  the  Llandovery,  but  none  accumulated 
in  the  relatively  shallow  slope  and  shelf  environments  in 
the  Roberts  Mountains.  The  record  also  suggests  that 
strong  ocean  currents  and  very  slow  rates  of  sediment 
accumulation  precluded  preservation  of  most  of  the 
Llandovery  faunas  that  could  be  analyzed  for  possible 
relationships  with  the  Aldridge  et  al.  (1993)  oceanic 
events  seen  in  British  and  Scandinavian  successions. 
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Conclusions  References 


Silurian  graptolite  faunas  and  stratigraphy  indicate  that 
most  of  the  late  Llandovery-middle  Ludlow  oceanic  epi¬ 
sodes  and  events  recognized  by  Aldridge  et  al.  (1993), 
Jeppsson  et  al.  (1995),  and  Jeppsson  (1996, 1997)  in  Britain 
and  Scandinavia  influenced  central  Nevada  graptolite 
faunas.  Late  Llandovery-Ludlow  strata  with  graptolites 
were  seemingly  influenced  by  oceanic  events  on  the 
upper  part  of  the  slope.  The  central  Nevada  slope  was  ad¬ 
jacent  to  the  Laurentian  continental  shelf.  Appearances  of 
new  graptolite  faunas  coincide  with  the  onset  of  primo 
conditions,  during  which  upwelling  along  the  platform 
margin  was  relatively  pronounced.  This  relationship  is 
consistent  with  the  model  proposed  by  Finney  and  Berry 
(1996)  for  environmental  conditions  in  which  graptolites 
flourished  and  diversified.  Most  declines  in  graptolite 
diversity  occurred  during  secundo  conditions. 

Relatively  deeper-slope  environments  in  central 
Nevada  had  a  different  depositional  history  than  those  of 
the  upper  slope  during  most  of  the  Silurian.  Local  tec- 
tonism,  strong  oceanic  currents,  and  lack  of  widespread 
habitats  in  which  graptolites  could  flourish  above  the  deep 
slope  resulted  in  poor  preservation  of  many  graptolites. 

Central  Nevada  Silurian  graptolite  faunas  occur  in 
strata  that  accumulated  on  a  margin  of  Laurentia  that 
was  within  the  tropics  during  the  Silurian.  The  Avalonian 
plate  upon  which  the  British  sequence  developed  and  the 
Baltoscanian  plate  were  a  significant  distance  from  the 
site  of  modem  Nevada.  Nevertheless,  most  late  Llan¬ 
dovery-Ludlow  oceanic  events  and  episodes  recognized 
in  Britain  and  Scandinavia  appear  to  have  had  an  impact 
on  central  Nevada  graptolite  faunas. 

As  Wilde  and  Berry  (1984,  1986)  noted,  a  number  of 
different  mechanisms  may  be  responsible  for  the  decline 
or  radiation  of  graptolites  during  times  of  change  in  the 
sites  where  deep  ocean  water  circulation  originated.  The 
impacts  of  changes  at  sites  of  origination  of  ocean  deep 
waters  seem  to  be  global.  Precise  dating  of  the  events  and 
episodes  discussed  by  Jeppsson  (1996)  is  needed  to  deter¬ 
mine  cyclicity  of  the  events. 
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ABSTRACT — Eight  global  Silurian  reef-building  episodes 
coincide  zvith  climatic  and  oceanic  conditions  characterized  by 
inferred,  warmer,  high-latitude  climates;  salinity-dense  bottom 
zvaters ;  and  accompanying  lozv-diversity,  planktic  and  nektic 
faunas.  Periodic  removal  of  reef  and  level-bottom  community 
habitats  by  tectophases  and  relative  sea-level  falls  appears  to 
have  stimidated  reorganization  and  evolution  of  invertebrate 
communities  during  subsequent  transgressive  intervals. 

Latest  Ordovician  and  early-middle  Llandovery  meta- 
zoans-parazoans  gradually  re-established  shallow-  and  deeper- 
water  reef  ecosystems.  Evolutionary  radiations  of  coral  and 
stromatoporoid  faunas  are  evident  in  the  upper  Llandovery  and 
lozver  Wenlock.  Although  corals  and  stromatoporoids  reached 
their  Silurian  acmes  in  the  Wenlock,  stromatoporoids  main¬ 
tained  similar  diversities  in  the  Ludlozu.  Numerous  coral  spe¬ 
cies  disappeared  by  the  early  Ludlozo,  in  part  coinciding  zvith 
end-Wenlock  extinctions  of  different  planktic  and  benthic  fau¬ 
nas.  Calcimicrobial  communities  and  calcareous  algae  zvere  im¬ 
portant  constructors  in  many  early-middle  Llandovery  reefs, 
are  less  conspicuous  in  many  late  Llandovery-early  Wenlock 
reefs,  and  zvere  volumetrically  important  reef  constructors  in 
many  Late  Silurian  reefs.  Morphological  innovations  of  se¬ 
lected  Ludlozv  benthos  and  associated  lithofacies  shozv  a  " Devo¬ 
nian  carbonate  bazik  archetype",  zvith  distinguishable  forereef , 
reef,  backreef  and  lagoonal  facies. 

Partially  reef-rimmed,  late  Ludlozv,  distally-steepened, 
carbonate  banks  reflect  a  change  in  reef  patterns  from  the 
patchiness  that  characterized  most  Early  Silurian  flat-topped 
carbonate  bank  seascapes.  Wenlock  and  late  Ludlozv  reef  tracts 
were  larger  in  areal  extent  than  modern  reef  tracts  and  zvere 
concentrated  in  subtropical  and  equatorial  climatic  belts. 


Introduction 


The  first  attempt  at  a  global  analysis  of  Silurian  reefs 
(bioherms  and  biostromes)  over  a  span  of  up  to  35  million 
years,  was  presented  in  the  Murchison  Symposium  vol¬ 
ume  (Copper  and  Brunton,  1991).  Silurian  reefs  were 
shown  to  display  a  full  spectrum  of  geometries  and  to 
have  been  built  by  a  variety  of  metazoans  capable  of  liv¬ 
ing  in  different  shallow-  and  deeper-marine  environ¬ 
ments.  These  carbonate  buildups  were  also  shown  to 
have  developed  in  a  variety  of  tectonic  settings,  from  re¬ 
gionally  extensive  cratonic  epeiric  seas  to  pericratonic 
shelves  and  island  arcs. 

The  purpose  of  this  analyis  is  to  outline  the  paleogeo- 
graphic,  -climatic,  and  -biologic  significance  of  the  inverte¬ 
brates,  calcareous  algae,  and  calcimicrobes  involved  in  reef 
development  and  to  discuss  their  collective  influence  on 
carbonate  bank  geometry  and  their  response  to 
tectophases,  associated  regional  changes  in  relative  sea- 
level,  and  oceanographic  changes.  This  report  elaborates: 
1)  the  major  factors  that  influenced  reef  growth;  2)  the  evo¬ 
lutionary  changes  recognized  in  reef-building  mid  -dwell¬ 
ing  biota  and  the  resultant  changes  in  reef  morphology 
through  the  Silurian;  3)  the  changes  in  environmental  pref¬ 
erence  of  reef-building  metazoans;  and  4)  the  delineation 
of  extensive  Early  and  Late  Silurian  reef  tracts. 

Biostratigraphic  correlation  of  Silurian  reefs  from 
different  parts  of  the  world  has  enabled  the  delineation  of 
eight  global  reef-building  episodes  for  the  Silurian  (Fig¬ 
ures  1,  2).  These  reef-building  episodes  largely  coincide 
with  particular  oceanic  and  climatic  conditions  (Figures 
2,  3;  Jeppsson,  1987,  1990,  1996).  This  climate  model  rec¬ 
ognizes  alternations  between  intervals  when  the  climate 
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is  wetter  at  low  latitudes  and  colder  at  high  latitudes,  and 
intervals  when  the  climate  is  drier  at  low  latitudes  and 
warmer  at  high  latitudes.  Jeppsson  distinguished  two 
end-member  oceanic  states:  1)  Primo  episodes  (P-States) 
characterized  by  cool,  high-latitude  climates,  cold  oce¬ 
anic  bottom  waters,  and  high  nutrient  supplies  (high- 
diversity  planktic  faunas);  and  2)  Secundo  episodes 
(S-States)  with  warmer,  high-latitude  climates,  salinity- 
dense  bottom  waters,  low-diversity  planktic  faunas,  and 
carbonate  deposition  and  associated  reef  development  in 
shallow  epeiric  seas.  Also  recognized  were  events  of 
step-wise  extinction  of  significant  numbers  of  conodont 
species  over  perceived  short  durations  (Figure  2; 
Jeppsson,  1990,  1996;  Aldridge  et  al.,  1993;  Mannik  and 
Viira,  1993;  Jeppsson  et  al.,  1994).  S-state  oceanic  condi¬ 
tions  appear  to  have  promoted  of  extensive  "carbonate 
factories"  in  shallow  epeiric  seas,  and  facilitated  develop¬ 
ment  of  rich  heterotroph-based  and  photoautotroph- 
dominated  epibenthic  associations.  We  have  found  that 
episodes  of  extensive  reef  development  largely  coincide 
with  S-State  oceans  (Figures  2,  3). 

Existence  and  duration  of  S-  and  P-States  in  the 
Llandovery-Pridoli  have  been  inferred  from  conodont 
faunal  turnovers,  data  from  other  fossil  groups,  and  sedi- 
mentological  observations.  Although  the  duration  of  the 
Silurian  is  still  imprecise  because  of  discrepancies  in  the 
ages  assigned  to  each  of  the  series  (i.e.,  estimates  for  the 
Silurian  range  from  23-35  Ma;  Figure  3),  it  is  possible  to 
show  that  the  durations  of  S-  and  P-States  through  the  Sil¬ 
urian  differ  greatly  (Figures  2,  3).  S-State  oceans  appear  to 
have  had  the  longest  durations  in  the  Llandovery  (  ca.  10 
Ma;  two  S-State  oceans)  and  Ludlow  (ca.  7-14  Ma;  two 
S-State  oceans).  The  duration  of  the  Pridoli,  which  has  two 
S-State  oceans,  is  the  most  poorly  constrained,  and  esti¬ 
mates  range  from  2-10  Ma  (Figure  3).  The  Wenlock  shows 
the  greatest  number  of  oceanic  state  reversals  with  four  S- 
and  P-State  couplets  in  a  time  span  of  ca.  5  Ma  (Figure  3). 
The  more  persistent  S-State  oceanic  conditions  during  the 
Wenlock  (ca.  1  Ma  durations)  are  perhaps  the  result  of  a 
combination  of  oceanic-climate  stability  (optimal  climatic 


FIGURE  1 — (opposite)  Temporal  and  spatial  distributions  and  chief 
skeletalized  animals  of  Silurian  reefs  (bioherms  and  biostromes). 
Stippled  intervals  (1-8)  show  durations  of  eight  global  reef-building 
episodes.  Reef  symbols  do  not  accurately  reflect  reef  shapes;  numbers 
and  sizes  of  symbols  reflect  the  abundance  and  sizes  of  major  reef  types 
in  each  reef-building  interval.  Calcimicrobial  communities  and  algae 
were  important  constructors  in  many  early-middle  Llandovery  reefs; 
are  less  conspicuous  constructors  in  late  Llandovery-Wenlock  reefs, 
and  are  important  reef  constructors  the  Late  Silurian  reef.  I.Sh  =  inner 
shelf  or  bank,  M.Sh.  =  middle  shelf  or  bank,  O.Sh.-R  =  outer  shelf  and 
periplatform  (shelf-slope  break)  region. 


amelioration)  and  relative  tectonic  quiescence  (between 
Salinic  disturbance  1  and  2;  Figure  3).  The  Wenlock  coin¬ 
cides  with  the  acme  of  Silurian  reef  development. 

Silurian  reef  epibenthic  invertebrates,  calcareous  al¬ 
gae,  and  calcimicrobes  also  show  temporal  and  spatial 
variations  on  different  scales  (Figures  1,  2).  Although 
some  metazoans,  such  as  rugose  corals,  show  great  diver¬ 
sification  in  the  early-middle  Llandovery,  most  reef- 
associated  metazoans  and  parazoans  show  their  greatest 
faunal  diversification  during  the  extensive  late  Telychian 
transgressions  that  followed  the  Salinic-1  disturbance. 
Throughout  the  Early  Silurian  (Llandovery-Wenlock), 
tabulate  corals  outnumber  stromatoporoids  in  reefs.  Fol¬ 
lowing  the  end-Wenlock  extinctions  (evolutionary 
replacements)  of  numerous  epibenthic  and  planktic  and 
nektic  faunas,  stromatoporoids  (calcified  sponges) 
became  volumetrically  more  important  than  tabulate  cor¬ 
als  in  most  Late  Silurian  reefs.  Calcimicrobes,  calcareous 
algae,  and  enigmatic  microbial  components  played  a  rela¬ 
tively  important  role  in  the  development  of  many  early- 
middle  Llandovery  patch  reefs,  a  lesser  role  in  late 
Llandovery-Wenlock  buildups,  and  a  substantial  role  in 
many  of  larger  bank-margin,  slope,  and  basinal  Late  Sil¬ 
urian  reef  complexes  (Figures  1,  2).  Lithistid  sponges  are 
important  constituents  in  Ludlow  deeper-water  bank  and 
slope  reefs  (Brunton  and  Dixon,  1994). 

Equatorial  reef  tracts  with  numerous  patch-reef 
clusters  were  present  by  the  latest  Telychian  and  early 
Wenlock.  These  reef  tracts  became  established  subse¬ 
quent  to  late  Llandoverian  transgressions  that  followed  a 
major  erosional  episode  (Salinic-1  disturbance  in  Figure 
3;  see  also  Ettensohn,  1994).  Shallow-marine  reef  and 
level-bottom  communities  show  the  greatest  faunal  di¬ 
versification  of  the  Silurian  after  this  major  tectophase. 
Silurian  reef  tracts  include:  1)  subtropical  reef  tracts  lo¬ 
cated  both  north  and  south  of  the  paleoequator,  and 
which  flourished  within  the  Uralian-Cordilleran  and 
North  Atlantic  regions  of  Boucot  (1990);  and  2)  tropical 
reef  tracts  located  mostly  in  the  Uralian-Cordilleran  re¬ 
gion.  Llandovery-middle  Ludlow  seascapes  changed 
from  continent-wide,  flat-topped  carbonate  banks  with 
patchy  lithofacies  distributions  to  partially  reef-rimmed 
in  the  late  Ludlow  and  early  Pridoli,  with  a  more  pro¬ 
nounced  shelf-slope  break  and  laterally  extensive, 
back-reef  lagoonal  facies.  Thick  late  Ludlow  bank-margin 
reef  complexes  are  evident  along  the  preserved  margins 
of  Laurentia  and  Baltica  (Figures  1,  2).  The  more  pro¬ 
nounced  differentiation  of  litho-  and  biofacies  in  middle 
and  upper  Ludlow  successions  of  Laurentia  and  parts  of 
Baltica  is  believed  to  be  a  biotic  and  sedimentologic  re¬ 
sponse  to  increased  tectonism  associated  with  a  second 
significant  phase  of  the  Salinic  disturbance  (i.e.. 
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FIGURE  2 — (opposite)  Temporal  distributions  and  chief  biotic  components  of  Silurian  reefs  related  to:  1)  general  bathymetric  curve  (based  on 
brachiopod-based  "level-bottom"  communities),  and  2)  oceanic  states  for  Silurian.  Stratigraphic  positions  of  eight  reef-building  episodes 
(including  three  (A-C)  major  episodes)  bracket  initiation  and  climax  stages  of  patch-reef  and  reef-complex  development.  Available  data  suggest 
some  "pinnacle"  reef  growth  may  have  been  virtually  continuous  through  the  Silurian  in  some  basins,  and  spanned  more  than  one  oceanic 
episode.  Numbers  and  sizes  of  reef  symbols  reflect  the  abundance  and  sizes  of  the  various  reef  types  (except  for  "pinnacle"  structures).  Reef 
symbols  do  not  accurately  reflect  true  reef  shapes. 

FIGURE  3 — (above)  Ages  of  Silurian  Series,  tectophases  for  Laurentia  and  Baltica,  and  nature  of  oceans  during  the  Silurian  (see  references  in 
Figure  2).  Duration  of  Silurian  ranges  from  23  Ma  (McKerrow  et  al.,  1985)  to  35  Ma  (Fordham,  1992).  Tectophases  (Jamieson  and  Beaumont,  1988; 
Ettensohn,  1994)  are  tectonic  pulses  or  plate  readjustments  with  durations  ca.  5  Ma  or  less  with  short-lived  regional-scale  uplifts  and  erosional- 
depositional  episodes  in  northeast  (Canadian  Arctic  Islands-Greenland)  and  central  (Michigan,  southwest  Ontario,  and  Appalachian  regions) 
Laurentia  and  parts  of  Baltica  (Gotland,  Estonia). 
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Salinic-2 — a  reflection  of  increased  orogenic  activity 
along  the  margins  of  Laurentia  and  Baltica;  Figure  3). 
These  short-lived  episodes  of  increased  tectonism  appear 
to  have  greatly  affected  both  the  style  and  lateral  extent 
of  sedimentation  and  the  biotic  evolution  of  Silurian  reef 
and  level-bottom  marine  faunas. 

Terminology 


The  term  "reef"  is  used  in  a  broad  sense  to  define  any 
biologically-constructed  carbonate  mass  raised  above  the 
seafloor  regardless  of  water  depth  and  nature  of  the  bi¬ 
otic  components.  We  use  the  terms  "patch  reef", 
"bioherm",  "biostrome",  "reef  complex",  "reef  cluster", 
and  "carbonate  buildup"  in  the  sense  of  James  and 
Geldsetzer  (1989).  Included  in  the  definition  of  "bio- 
herms"  (Cumings,  1932)  are  relatively  small  structures 
(up  to  tens  of  meters  across  by  a  few  meters  high)  known 
from  Llandovery  and  Wenlock  successions  of  Laurentia 
and  Baltica  that  show  little  or  no  evidence  of  auto¬ 
succession  and  commonly  little  or  no  reef-derived  or 
shoal  complex-derived  flank  lithofacies.  Biostromes  are 
tabular  reef  bodies  from  a  few  tens  of  centimeters  up  to  5 
m-thick  (usually  composed  of  stacked  accumulations  of 
invertebrate  communities),  some  of  which  extend  later¬ 
ally  for  many  kilometers  (e.g..  Midcontinent  region, 
U.S.A.  [Shaver  et  al.,  1978];  Canadian  Arctic  Islands 
[Brunton  and  Dixon,  1991a];  Hemse  biostromes,  Gotland 
[Riding,  1981;  Kershaw,  1994;  Kershaw  and  Keeling, 
1994]).  We  do  not  concur  with  Schuhmacher  and 
Zibrowius'  (1985)  concept  that  "reefs,  by  definition,  are 
confined  to  shallow  water",  as  Silurian  reefs  include  shal¬ 
low-  and  deeper-water  bank  and  slope  occurrences. 
"Tectophases"  (Jamieson  and  Beaumont,  1988;  Ettensohn, 
1994)  represent  tectonic  pulses  or  plate  readjustments 
with  time  durations  on  the  order  of  5  Ma  or  less. 

Reef-Growth  Episodes 


Pl  ooding  of  the  paleocontinents  and  amelioration  of  glo¬ 
bal  climates  in  the  earliest  Llandovery  (Rhuddanian)  af¬ 
ter  Late  Ordovician  glaciations  allowed  the  gradual 
re-establishment  of  both  shallow-  and  deeper-water  reef 
growth.  Early  Llandovery  reefs  were  constructed  on  ar¬ 
eally  extensive  carbonate  banks  of  Laurentia,  Baltica,  and 
China  (Yangtze  region)  by  a  consortium  of  calcimicrobes 
and  calcareous  algae.  Associated  metazoans  include 
some  Late  Ordovician  coral  and  stromatoporoid  stocks, 
but  are  mainly  the  increasingly  diverse  Silurian  corals 
and  fewer  stromatoporoids  and  bryozoans  (Figures  1,  2; 


see  Nestor,  1984;  Copper  and  Brunton,  1991;  Brunton  and 
Copper,  1994;  Copper,  1994). 

The  first  major  episode  of  reef  growth  (A  in  Figure 
2)  was  latest  Telychian.  These  reefs,  which  show  evidence 
of  autosuccession,  contain  a  diverse  faunal  consortium  of 
tabulate  corals,  stromatoporoids,  bryozoans,  crinozoans, 
calcimicrobes,  and  calcareous  red  algae.  Initiation  of  this 
reef-building  episode  was  during  P-State  oceanic  condi¬ 
tions.  The  majority  of  latest  Telychian  reef  complexes  in 
Laurentia  were  spatially  and  temporally  associated  with 
extensive  crinoidal  shoal  complexes.  Widespread  coral- 
stromatoporoid-bryozoan-crinozoan-calcimicrobial  reef 
communities  did  not  appear  on  a  global  scale  in  open, 
shallow-marine  settings  until  the  early  Wenlock  (Shein- 
woodian).  Wenlock  reefs  represent  the  acme  of  Silurian 
reef  growth  and  coincide  with  S-State  oceanic  conditions. 

Early  and  middle  Llandovery  reef-building  epi¬ 
sodes. — Both  of  these  reef-building  episodes  occurred 
during  large-scale  transgressive  pulses  and  S-State  oce¬ 
anic  conditions  (Figure  2).  Llandovery  sea-level  fluctua¬ 
tions  included  four  major  rises  and  falls  of  about  50  m 
(Johnson,  1996;  Figure  2)  over  approximately  10  Ma. 
These  fluctuations  match  only  with  three  reef-building 
transgressive  episodes  in  the  middle  Rhuddanian, 
middle  Aeronian,  and  Telychian.  Llandovery  sea-level 
highstands  correspond  remarkably  well  with  the  four  in¬ 
terglacial  episodes  dated  from  South  America  by  Grahn 
and  Caputo  (1992).  This  temporal  relationship  appears  to 
corroborate  a  glacio-eustatic  model  for  the  first  part  of  the 
Llandovery. 

These  reefs  developed  largely  on  intracratonic 
banks  and,  to  a  lesser  extent,  on  pericratonic  shelves  of 
northern  Europe,  North  America,  and  Greenland  (Laur¬ 
entia  and  Baltica;  Brunton  and  Copper,  1994).  A  shallow- 
marine,  barrier-like  reef  and  a  reef  cluster  made  up  of 
over  300  small,  locally  coral-dominated,  stromatoporoid- 
dominated,  or  bryozoan-dominated  patch  reefs  extended 
for  at  least  50  km  in  central  Laurentia  during  the 
Rhuddanian  (Manitoulin  Island,  Ontario:  Fay  and  Cop¬ 
per,  1982;  Figure  1).  Corals  were  most  prolific  in  the 
central  part  of  the  complex,  the  stromatoporoids  in  some¬ 
what  restricted  marine  settings,  and  bryozoan  reefs  in 
marginal-marine  lithofacies. 

Aeronian  algal-  and/or  microbial-dominated 
patch  reefs,  numbering  in  the  hundreds,  developed  in 
shallow-marine,  restricted-lagoonal  waters  (increased 
salinities)  on  carbonate  banks  of  central  (Soderman  and 
Carozzi,  1963;  Shaver  et  al.,  1978)  and  northern  (Brunton 
and  Copper,  1994)  Laurentia  (Figure  1).  Aeronian  reefs 
in  Baltica  (Estonia)  comprise  coral-stromatoporoid  tabu¬ 
lar  biostromes  or  banks  (Nestor,  1984,  1995).  Middle 
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Llandovery  "pinnacle"  reefs  are  present  in  basinal 
(deeper  water)  calcareous  mudrocks  of  the  Cape 
Phillips  Formation,  Canadian  Arctic  Islands  (de  Freitas 
et  al.,  1993a;  Figures  1,  2).  These  structures  began 
growth  during  a  transgressive  pulse  that  is  recognizable 
in  the  subsurface  and  in  exposures  on  several  islands  in 
the  Canadian  Arctic  Archipelago  (de  Freitas,  1991). 
Early  and  middle  Llandovery  reefs  represent  early  at¬ 
tempts  at  reef  growth  by  calcimicrobes,  calcareous  al¬ 
gae,  and  low-diversity  associations  of  tabulate  corals, 
rugose  corals,  and  a  few  stromatoporoids.  For  the  bra- 
chiopods,  reef  associations  first  appear  in  the  middle 
Llandovery. 

Latest  Llandovery-Wenlock  reef-building  epi¬ 
sodes. — Reef  development  expanded  during  the  late 
Llandovery  (latest  Telychian),  and  biotic  diversity  of  skel¬ 
etal  invertebrates  in  reef  and  inter-reef  ("level-bottom") 
communities  increased  dramatically  (Boucot,  1990; 
Nestor,  1990,  1994,  1995;  Kaljo  and  Marss,  1991;  Wang 
and  Chen,  1991;  Watkins,  1993;  Kaljo  et  al.,  1995).  Several 
new  phylogenetic  stocks  of  stromatoporoids  appeared  in 
the  late  Llandovery  (Nestor,  1990),  along  with  at  least  84 
new  genera  of  corals  (Kaljo  and  Marss,  1991). 
Clathrodictyid-  and  ecclimadictyid-dominated  stromato- 
poroid  faunas,  spatially  associated  crinoid  meadows 
(shoal  complexes),  and  pentamerid  brachiopods  have 
been  identified  from  central  and  east  Laurentia  (latest 
Telychian-Wenlock;  Fludson  Bay  and  Midcontinent  re¬ 
gion  to  Anticosti  Island)  and  central  and  eastern  Baltica 
(earliest  Sheinwoodian;  Baltic  region  and  Severnaya 
Zemlya).  A  major  late  Llandovery  dispersal  of  "level- 
bottom"  community  taxa  from  the  Uralian-Cordilleran 
region  into  the  North  Atlantic  region  has  also  been  docu¬ 
mented  (Boucot,  1990). 

Extensive  crinoid-shoal  complexes  and  associated 
small  patch-reef  clusters  became  established  earlier  in 
Laurentia  (latest  Telychian)  during  the  final  stages  of 
P-State  oceanic  conditions  (Figure  2).  These  vast  crinoid 
thickets,  which  grew  mostly  in  mid-bank  settings  and 
may  have  restricted  water  circulation  to  some  degree 
(Kaljo  et  al.,  1991;  Brunton  and  Copper,  1994),  produced 
abundant  sand  and  gravel  substrates  that  facilitated  the 
establishment  of  reef  communities  (Lane,  1971;  Brett, 
1984,  1991).  By  the  earliest  Sheinwoodian,  extensive  reef 
clusters  and  crinoidal  shoal  complexes  were  established 
in  Laurentia,  Baltica,  and  China  (Yangtze  platform)  (Fig¬ 
ure  1).  This  episode  of  reef  growth  coincides  with  the  on¬ 
set  of  S-State  oceanic  conditions.  Latest  Telychian  to 
middle  Sheinwoodian  patch-reef  cluster  development 
represents  the  first  major  Silurian  reef-building  episode 
(A  in  Figure  2). 


The  second  major  Silurian  reef-building  episode  (B 
in  Figure  2)  was  late  Homerian  and  coincided  with 
S-State  oceanic  conditions.  Homerian  reefs  are  extensive 
in  the  eastern  Midcontinent  region  (Lockport-equivalent 
patch  reefs  and  so-called  "pinnacle"  reefs  of  the  Michi¬ 
gan,  Appalachian,  and  Illinois  Basins;  Shaver,  1991),  Ca¬ 
nadian  Arctic  Islands,  Greenland,  Siberia,  southern  Brit¬ 
ain,  Norway,  Podolia,  Urals,  Yangtze  region,  and  New 
South  Wales.  Patch  reef  clusters  are  absent  in  upper 
Wenlock  strata  of  Estonia  and  of  only  minor  importance 
in  Podolia.  Small  patch  reefs  in  the  Halla,  Mulde(?),  and 
larger  reefs  in  the  Klinteberg  Beds  of  Gotland  possess  pe¬ 
culiar  but  diverse  coral  and  stromatoporoid  species  (see 
Klaamann  and  Einasto,  1982).  Riding  (1981)  has  reported 
coral-stromatoporoid-algal-dominated  patch  reefs  from 
Shropshire,  and  small  coral-dominated  and  bryozoan- 
dominated  reefs  from  Norway. 

Ludlow  REEF-BUILDING  EPISODES.— Variety  and  diver¬ 
sity  of  reef-constructing  metazoans  declined  in  the  early 
Ludlow.  However,  the  relative  skeletal  volume  of 
stromatoporoids  increased  in  Ludlow  reefs,  despite  their 
greater  taxonomic  diversity  in  the  Wenlock  (Nestor, 
1990).  The  relative  increase  in  stromatoporoid  skeletal 
volume  in  many  Late  Silurian  reefs  may  be  the  result  of  a 
drastic  decline  in  coral  diversity  after  the  terminal- 
Wenlock  extinctions  (evolutionary  replacements),  and/ or 
may  reflect  a  change  in  oceanographic-sedimentologic 
conditions  that  favored  stromatoporoids  over  other 
epibenthos. 

The  first  of  two  Ludlow  reef-building  episodes  was 
late  Gorstian  (middle  Ludlow;  Figures  1,  2).  Both 
reef-building  episodes  coincide  with  S-State  oceans  (Fig¬ 
ure  2).  Middle  Ludlow  calcimicrobe-aphrosalpingid 
sponge-dominated  communities  built  shallow  shelf- 
margin  clusters  and  barrier  reefs  in  an  island  arc  com¬ 
plex,  now  exposed  in  southeast  Alaska  (Soja,  1994).  This 
assemblage  also  built  similar  carbonate  buildups  in 
bank-margin  facies  throughout  the  Urals  (Antoshkina, 
1996).  Calcimicrobe-lithistid  sponge  associations  were 
also  important  in  patch  reef  growth,  and  formed  indi¬ 
vidual  reefs  and  the  cores  of  composite  stromato- 
poroid-coralgal-capped  reefs  in  deeper  subtidal  ramp 
and  foreslope  settings  in  the  Canadian  Arctic  Islands 
(Narbonne  and  Dixon,  1984;  Brunton  and  Dixon,  1991a, 
1994;  Dixon  and  Graf,  1992). 

Although  biostromal  (tabular)  reefs  occur  through 
the  Silurian,  they  are  apparently  best  developed  in 
middle  Ludlow-Pridoli  carbonate  successions  (Figures  1, 
2).  The  middle  Ludlow  biostromal  and  patch  reef  units  of 
the  Hemse  beds  (Gotland)  are  well-documented 
(Kershaw,  1993;  Kershaw  and  Keeling,  1994).  Biostromes 
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(tabular  reefs)  represent  habitat  modifications  by 
reef-building  epibenthic  metazoans  in  shallow,  muddier 
shelf  seas.  This  reef  growth  appears  to  have  taken  place 
under  semi-restricted  and  perhaps  slightly  more  saline 
conditions  during  prolonged  stillstand  and/or  regressive 
conditions.  Hemse  patch  reefs,  up  to  5-10  m-thick  and 
approximately  100  m  in  diameter,  occur  in  the  central 
part  of  Gotland  and  contain  peculiar  tabulate  corals,  few 
stromatoporoids,  and  a  specialized  reef  brachiopod 
fauna.  For  the  brachiopods,  reef  associations  became 
common  by  the  Ludlow. 

The  late  Ludlow  reef-building  episode  (major 
episode  C  in  Figure  2)  marks  the  onset  of  thick  stromato- 
poroid-microbial-coralgal  and  stromatoporoid-algal 
shelf-margin  reefs,  clusters,  and  barrier-like  complexes. 
Llandovery-middle  Ludlow  flat-topped  carbonate  banks 
changed  to  partially  reef-rimmed,  distally-steepened 
banks  in  the  late  Ludlow.  These  bank-margin  reefs  are 
best  known  from  Latvia  and  Lithuania,  Canadian  Arctic 
Islands,  eastern  Canada  (Gaspe),  Nevada,  Texas,  the 
Urals,  and  Novaya  Zemlya  (Shuiskii,  1975,  1983;  Nestor, 
1984;  Bourque  et  al.,  1986;  Shishkin,  1986;  Brunton  and 
Dixon,  1991a;  Ruppel,  1993;  Figures  1,  2).  This  lateral  dif¬ 
ferentiation  of  lithofacies  immediately  follows  the 
Salinic-2  disturbance  (Figure  3),  coincides  with  short¬ 
lived  uplift  and  erosion  along  the  eastern  margin  of 
Laurentia  and  western  margin  of  Baltica,  and  shows  re¬ 
newed  but  short-lived,  laterally  extensive,  and  rapid  reef 
complex  accretion  and  carbonate  production. 

PRIDOLI  REEF-BUILDING  EPISODES. — Two  reef-building 
episodes  have  been  noted  in  the  Pridoli  (Figures  1,  2). 
Biotic  diversity  and  skeletal  volume  of  stromatoporoids 
and  tabulate  corals  were  drastically  reduced  in  Pridoli 
buildups.  Syringoporids  became  the  important  tabulate 
corals  in  some  early-middle  Pridoli  biostromes,  and 
small  bioherms  occur  with  greatly  reduced  numbers  of 
stromatoporoids,  favositids,  heliolitids,  and  minor  haly- 
sitids.  Small  bryozoan-algal-dominated  mounds  are 
also  known  from  upper  Pridoli  successions.  Stromato- 
poroid-coral-  and  stromatoporoid-algal-dominated 
reefs  had  a  restricted  development  in  both  mid-  and 
distal-shelf  settings  (Figures  1,  2).  Calcareous  sponges 
and  calcimicrobes  built  barrier-like  shelf-margin  reefs 
on  late  Pridoli  banks  in  southwest  Alaska  (Clough  and 
Blodgett,  1989)  at  a  time  of  prolonged  global  sea-level 
stillstand  conditions. 

The  decline  in  diversity  of  Pridoli  reef-building  taxa 
and  in  sizes  of  individual  reefs  and  complexes  was  re¬ 
lated  to  a  combination  of  factors.  These  include  climate 
change  (reduction  of  evaporation-induced  deposition 
and  seafloor  precipitation  from  Ludlow  to  Pridoli),  with 
continued  tectonism  and  associated  lowering  of  relative 


sea-levels  after  the  second  significant  phase  of  the  Salinic 
disturbance  (Salinic-2;  Figure  3). 

Silurian  Reef  Paleobiogeography 

A  number  of  reef  tracts  and  possible  "reef  provinces" 
have  been  delineated  in  the  latest  Llandovery-Wenlock 
and  Ludlow-Pridoli  (Figure  4.1,  4.2).  Reef  tracts  noted 
herein  are  based  on  our  current  understanding  of  reef 
and  level-bottom  invertebrate  distributions  and  inferred 
larval  distribution  pathways.  Most  tracts  occur  within  the 
North  Silurian  realm  of  Boucot  (1985,  1990).  Testing  the 
validity  of  probable  Silurian  "reef  provinces"  will  require 
more  detailed  collecting  and  taxonomic  studies  of  the 
wide  variety  of  metazoans  and  parazoans,  calcareous  al¬ 
gae,  and  calcimicrobes,  and  refinement  of  plate  recon¬ 
structions  that  take  biogeographic  data  into  account. 

Plotting  the  variety  of  Silurian  reefs,  climatically- 
sensitive  mineral  occurrences  such  as  bauxite  deposits, 
and  level-bottom  community  distributions  on  the  plate 
reconstructions  of  Scotese  and  McKerrow  (1990)  reveals 
that  the  Siberian  and  Kazakhstan  Plates  are  positioned 
too  far  north  and  that  the  Siberian  plate  should  be  rotated 
180°  (see  also  Copper  and  Brunton,  1991).  Based  on  mod¬ 
ern  reef  positions,  we  have  rotated  and  re-positioned 
some  plates  between  the  30°  N  and  S  paleolatitudes  to 
better  represent  the  paleobiologic  and  environmental  na¬ 
ture  of  the  various  reefal  communities  and  relate  them  to 
probable  oceanographic  surface  currents  and  larval  dis¬ 
tribution  paths  (Figure  4.1,  4.2). 

Several  of  the  proposed  reef  tracts  appear  to  have 
been  longer  than  modern  reef  tracts.  The  middle  Wenlock 
Appalachian  reef  tract  (Mesolella,  1978;  Smosna  et  al., 
1989)  was  approximately  800  km  long,  and  if  extended 
into  the  Gaspe  region  of  Laurentia  (Bourque  et  al.,  1986; 
and  references  in  Bourque,  1989),  would  have  been  at 
least  1,800  km  long.  The  northeastern  Laurentia  (Cana¬ 
dian  Arctic  Islands-North  Greenland)  Wenlock  reef  tract 


FIGURE  4 — (opposite)  Silurian  reef  tracts  and  possible  "reef  provinces" 
(plate  reconstruction  after  Scotese  and  McKerrow,  1990).  Extent  of 
warm-water  "level-bottom"  faunas  of  Uralian-Cordilleran  and  North 
Atlantic  regions  from  Boucot  (1990;  also  Meyerhoff  et  al.,  1996).  Reefs 
mostly  in  tropical  and  subtropical  paleolatitudes,  as  modern  coralgal 
reefs.  Many  reef  tracts  were  longer  than  the  Great  Barrier  Reef  Province 
of  Australia.  1,  Early  Silurian  (Llandovery-Wenlock).  Wenlock  reef 
tracts  have  the  most  diverse  communities  and  coincided  with  acmes  of 
epibenthic  reef  invertebrates.  2,  Late  Silurian  (Ludlow-Pridoli).  Late 
Ludlow  reef  tracts  had  the  widest  geographic  extent  of  Silurian.  Late 
Wenlock-Pridoli  reefs  suggest  the  Siberian  and  Kazakhstan  Plates  have 
been  positioned  too  far  north  in  most  Silurian  reconstructions  (see  also 
Copper,  1994,  and  Early  Devonian  brachiopod  biogeography  in 
Alekseeva,  1992). 


272 


Brunton,  Smith,  Dixon,  Copper,  Nestor,  and  Kershaw 


□  Ludlow  Reefs 


Pridoli  Reefs 


Llandovery  Reefs 


low-  to  mid-latitude  tropical  reef  tracts 
North  Atlantic  Region  of  Boucot  (1990) 
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□  Wenlock  Reefs 


mid-  to  high-latitude  subtropical  reef  tracts 
Uralian-Cordilleran  Region  of  Boucot  (1990) 
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extends  for  at  least  1,500  km,  and  the  Urals  reef  tract 
extends  more  than  2,000  km  (see  also  Copper,  1994; 
Antoshkina,  1996).  According  to  most  plate  reconstruc¬ 
tions,  the  regions  that  now  constitute  the  Ural  Mountains 
(Baltic  Plate)  and  the  Yangtze  platform  (China  Plate)  ap¬ 
pear  to  have  remained  within  the  equatorial  region 
throughout  the  Silurian.  Such  climatic  stability  appar¬ 
ently  allowed  for  virtually  continuous  reef  growth  (Fig¬ 
ures  1,  4;  Krasnov  et  al.,  1986;  Sharkova,  1986;  Shishkin, 
1986;  Antoshkina,  1996).  It  is  generally  in  these  regions 
that  we  find  the  few  exceptions  where  reef  growth  oc¬ 
curred  during  both  P-  and  S-State  oceanic  conditions. 

Smaller-scale  Late  Silurian  reef  tracts  developed 
within  the  extensive  carbonate  banks  of  Laurentia 
(Midcontinent  region  of  Michigan  and  Illinois;  Lowen- 
stam,  1950;  Mesolella  et  al.,  1974;  Huh  et  al.,  1977;  Gill, 
1979, 1985, 1994;  Briggs  et  al.,  1980;  Bay,  1983;  Droste  and 
Shaver,  1985;  Friedman  and  Kopaska-Merkel,  1991; 
Shaver,  1991).  Reef  tracts  also  developed  along  carbonate 
bank  margins,  now  preserved  in  late  Ludlow  successions 
that  extend  from  Estonia  through  Latvia  and  Lithuania 
and  perhaps  into  the  Podolian  region  of  the  Ukraine 
(Klaamann  and  Einasto,  1982;  Nestor,  1984;  Kaljo  et  al., 
1991).  The  most  extensive  Late  Silurian  reef  tracts  contin¬ 
ued  to  be  paleoequatorial,  and  include  the  distal-shelf, 
shelf-margin,  and  slope  reef  clusters  of  Laurentia  and 
Baltica  (i.e.,  the  Canadian  Arctic  Islands,  Gaspe,  and  Ural 
Mountains). 

Nature  of  Reef  Successions  and 
Reef  Geometries 

Th  e  generally  accepted  view  that  Silurian  reefs  are  domi¬ 
nated  by  stromatoporoids  and  corals  is  misleading.  Sil¬ 
urian  reefs  reveal  a  wide  range  of  epibenthic  and  minor 
cryptic  organisms  that  generally  show  changes  in  pre¬ 
ferred  shelf  position,  habitat  and  biotic  association 
through  time  (Figures  1,  5,  6).  Llandovery-Wenlock 
bryozoan-algal-  and  bryozoan-algal-coral-dominated 
reefs  with  encrusting  fistuliporoid  cruststone  fabrics  and 
middle-late  Pridoli  examples  with  foliaceous-fistuli- 
poroid  lettucestone  fabrics  (Cuffey,  1985;  Hewitt  and 
Cuffey,  1985)  are  among  the  few  exceptions.  This  bioherm 
consortium  shows  relative  uniformity  in  habitat  prefer¬ 
ence  through  the  Silurian  (Figure  1). 

Typical  community  successions  include  the  follow¬ 
ing  changes:  1)  from  lower  tabulate  coral  to  upper  stro- 
matoporoid,  stromatoporoid-algal  and  stromatoporoid- 
microbial  communities;  and  2)  from  lower  tabulate  coral 
and/or  siliceous  sponge-calcimicrobial  communities 
either  to  upper  stromatoporoid-algal  or  to  tabulate 


coral-algal  communities  (Figures  5,  6).  Apparent  trends  in 
reef  growth  (buildup  geometries)  through  the  Silurian 
suggest:  1)  changes  in  the  Wenlock  from  biohermal  to 
biostromal  constructions — in  some  instances  involving 
intervals  of  interrupted  growth  or  discontinuous 
autosuccessional  development  (i.e.,  "keep-up"  and 
"catch-up"  styles  of  reef  growth  documented  for  modern 
and  Tertiary  reefs  by  Neumann  and  Macintyre,  1985);  2) 
coalescence  of  small  bioherms  into  larger  composite 
structures  that  possess  low  diversity,  but  abundant  stro¬ 
matoporoids  and  sparse  tabulate  corals  and  calci- 
microbes  (i.e.,  similar  to  the  "expansion  type"  style  of  reef 
growth  observed  off  of  Belize  and  interpreted  to  repre¬ 
sent  onset  of  prolonged  stillstand  conditions  by  Mazzullo 
et  al.,  1992);  3)  early  biostrome  development  by  monospe¬ 
cific  or  low-diversity  tabulate  and/or  colonial  rugose 
coral  faunas,  followed  by  establishment  of  overlying 
biohermal  structures;  4)  regionally  extensive,  thick,  late 
Ludlow  distal-shelf  composite  bioherm  development  in 
response  to  a  short-lived  increase  in  subsidence  and  re¬ 
newed  accommodation  space  recorded  largely  along  the 
margins  of  Laurentia  and  Baltica  following  the  Salinic-2 
disturbance  (Figures  1,  3,  6);  and  5)  an  increase  in  bio¬ 
strome  development  as  a  preferred  reef  geometry 
through  Ludlow  and  particularly  Pridoli  successions, 
largely  due  to  a  general  shallowness  of  most  Pridolian 
mixed  carbonate-siliciclastic  banks. 

Many  Wenlock  patch  reefs  show  similar  faunal  ele¬ 
ments  and  ecologic  development,  especially  those  in  tec¬ 
tonically  similar  lithofacies  settings  (Figure  5).  Wenlock 
bioherms  in  shallow  epeiric  seas  of  central  Laurentia 
(Michigan,  Illinois,  and  Appalachian  regions)  and  sur¬ 
rounding  shallow-water  carbonate  banks  contain  the 
same  corals  and  stromatoporoids  as  pericratonic  bio¬ 
herms  of  the  Gaspe  and  Anticosti  shelves  and  Jaani  and 
Jaagarahu  reefs  (Estonia)  and  Hogklint  reefs  (Gotland)  of 
the  Baltic  carbonate  bank  (Figure  5).  The  shapes  and  com¬ 
munity  structures  or  autosuccessions  of  these  buildups 
differ,  and  demonstrate  regional  variability  in  reef  shape 
and  structure  (see  reef  profiles  in  Crowley,  1973;  Shaver, 
1977;  Shaver  et  al.,  1978;  Droste  and  Shaver,  1985;  Gill, 
1985;  Bourque  et  al.,  1986;  Friedman  and  Kopaska- 
Merkel,  1991;  Riding  and  Watts,  1991;  de  Freitas  et  al.. 


FIGURE  5 — (opposite)  Geometry,  skeletal  metazoans,  succession,  and 
lithofacies  of  Early  Silurian  (Llandovery-Wenlock)  reefs  from  Laurentia 
and  Baltica.  Sizes  of  letter  abbreviations  for  metazoans  reflect  skeletal 
volume  in  reefs.  Geometry  of  some  reefs  varies  with  paleogeographic 
setting,  especially  reefs  with  "keep-up"  style  of  aggradation.  Biostrome 
development  above  bioherms  took  place  preferentially  in  intracratonic 
settings  (e.g.,  late  Wenlock  of  New  York,  early  Wenlock  of  Gotland, 
Sweden). 
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Late  Silurian  Pericratonic  &  Intracratonic  reef  geometries  &  successions 

Mid-shelf  reefs  &  shelf-margin  complexes  Mid-  to  distal-shelf  &  basinal-foreslope  reefs 


276 


Brunton,  Smith,  Dixon,  Copper,  Nestor,  and  Kershaw 


1993a;  Kershaw,  1993;  Kershaw  and  Keeling,  1994; 
Brunton  and  Copper,  1994).  Variations  in  local  paleogeo- 
graphic  and  tectonic  settings  (e.g.,  sea-surface  tempera¬ 
tures  and  bank-to-margin  positions),  in  combination  with 
relative  sea-level  fluctuations,  appear  to  have  been  the 
main  controls  on  reef  community  structure  (Figures  4-6). 

Calcimicrobes  and  algae  increased  in  volume  (and 
relative  importance)  in  middle-late  Ludlow  shallow  and 
deeper,  medial  to  distal  banks  and  deeper-water  fore¬ 
slope  reefs  (Figure  6).  The  thickest  individual  Silurian 
bioherms  and  composite  reef  complexes  are  recorded 
from  the  upper  Ludlow.  Dominant  calcimicrobes,  algae, 
and  associated  low-diversity  calcareous  (aphrosalpingid) 
sponge  communities  were  constructors  of  middle 
Ludlow  shallow-marine  shelf-margin  reefs  off  northwest 
Laurentia  (southeast  Alaska;  Soja,  1991,  1994;  Soja  and 
Riding,  1993).  Calcimicrobes  and  low-diversity  siliceous 
sponge  communities  also  built  middle  and  late  Ludlow 
deeper-water  reefs  that  are  situated  on  distally-steepened 
ramp-like  banks  and  foreslopes  of  northern  Laurentia 
(Canadian  Arctic  Archipelago;  Narbonne  and  Dixon, 
1984;  Dixon  and  Graf,  1992;  Brunton  and  Dixon,  1994). 

Biostromal  reefs  occur  through  the  Silurian,  but  are 
most  prevalent  in  middle  Ludlow  and  Pridoli  carbonates 
that  appear  to  have  been  deposited  in  intracratonic,  shal¬ 
low-marine,  mid-  to  distal-bank  settings  (Figures  1,  2). 
Middle  Llandovery  (Aeronian;  Figure  1)  coral-stromato- 
poroid-dominated  biostromes  have  been  described  from 
the  Baltic  carbonate  bank  (Estonia;  Nestor,  1984).  Among 
the  most  carefully  documented  Silurian  biostromes  are 
those  of  the  middle  Ludlow  eastern  facies  of  the  Flemse 
beds  of  Gotland  (Kershaw,  1993;  Kershaw  and  Keeling, 
1994).  These  tabular  masses  may  represent  adaptations 
by  Silurian  reef-building  metazoans  shallow,  generally 
muddier  carbonate-bank  environments.  Examples 
known  from  the  Ludlow-Pridoli  Barlow  Inlet  Formation 
of  the  Canadian  Arctic  Islands  are  up  to  5  m-thick  and  are 
traceable  along  coastal  sections  for  almost  10  km 
(Brunton  and  Dixon,  1991a).  These  bedded  stromato- 
poroid-colonial  rugose  coral-dominated  masses  were  es¬ 
tablished  in  an  apparently  normal  marine  environment, 
but  were  affected  by  prolonged  stillstand  or  near- 
stillstand  conditions,  and  possibly  grew  under  stressed 
conditions.  Many  of  these  distal-shelf  biostromes  form 
the  lower  parts  of  shallowing-up  cycles,  and  are  overlain 


FIGURE  6 — (opposite)  Geometry,  major  skeletal  metazoans,  succession, 
and  lithofacies  of  Late  Silurian  (Ludlow-Pridoli)  reefs  from  Laurentia 
and  Baltica.  Sizes  of  letter  abbreviations  for  metazoans  in  reflect  skeletal 
volume  in  reefs.  Geometry  of  some  reefs  varies  with  paleogeographic 
setting,  especially  reefs  with  a  “keep-up"  style  of  aggradation. 


by  megalodont  bivalve-rich  units,  which  cap  the 
biostromes  and  represent  more  restricted  lagoonal  envi¬ 
ronments  (see  also  de  Freitas  et  al.,  1993b).  These  Ludlow 
and  Pridoli  shallowing-up  packages  may  be  regarded  as 
Silurian  "lofer-like"  cyclic  units. 

Carbonate  Banks,  Reef  Positions 

AND  TeCTOPHASES 

Three  main  carbonate  bank  geometries  appear  to  be 
present  in  Silurian  successions:  1)  linear,  fault-scarp  mar¬ 
gins  with  sharp  transitions  between  sparsely  reef-bearing 
shallow-marine  carbonate  bank  facies  and  basinal, 
deep-water,  turbiditic,  muddy  facies  (e.g.,  Llandovery- 
Wenlock  successions  in  North  Greenland  and  eastern 
Ellesmere  Island  and  Nevada  [Hurst,  1980,  1981;  Hurst 
and  Kerr,  1982;  and  Hurst  et  al.,  1985]);  2)  ramp-like  open 
(unrestricted  ocean  current  flow)  banks  or  distally  steep¬ 
ened  ramps,  characterized  by  sinuous  boundaries 
between  prograding,  shallow-marine,  reef-bearing,  bank 
facies  and  onlapping-offlapping  organic-rich,  graptolite- 
bearing,  muddy  basinal  facies;  and  3)  relatively  small  car¬ 
bonate  shelves  (fringing  reefs?)  adjacent  to  island  arc 
complexes  (see  Soja,  1993).  Carbonate  "ramp-like"  bank 
geometries  are  common  in  Silurian  epeiric  seas  for  at 
least  Llandovery-middle  Ludlow  successions  (e.g.,  Urals 
[Cherkesova,  1970;  Antoshkina,  1996];  Midcontinent  re¬ 
gion,  U.S.A.  [Huh  et  al.,  1977;  Briggs  et  al.,  1980;  Droste 
and  Shaver,  1985;  Coburn,  1986];  Gaspe  region,  eastern 
Canada  [Bourque  et  al.,  1986;  Lavoie  et  al.,  1992];  Hudson 
Bay  region  [Suchy  and  Steam,  1992];  Canadian  Arctic 
Islands  and  North  Greenland  [Sodero  and  Hobson,  1979; 
Hurst,  1981;  Hurst  and  Surlyk,  1984;  Narbonne  and 
Dixon,  1984;  de  Freitas,  1991];  Baltic  region  [Laufeld  and 
Bassett,  1981;  Kaljo  et  al.,  1991];  Alaska  [Soja,  1993]; 
Nevada  [Hurst  et  al.,  1985];  Texas  [Ruppel,  1993]). 

Extensive  shelf-margin,  stromatoporoid-calcimicro- 
bial  reefs  in  Baltica  and  Laurentia  mark  a  significant 
change  in  carbonate  bank  geometry  from  ramp-like  se¬ 
quences  to  reef-rimmed  in  the  late  Ludlow  (Brunton  and 
Dixon,  1991a;  Kaljo  et  al.,  1991).  The  lateral  differentiation 
of  lithofacies  in  upper  Ludlow  successions  reflects  in¬ 
creased  subsidence  rates  following  the  Salinic-2  distur¬ 
bance  (Figure  3).  Deposition  rates  increased  during  the  late 
Ludlow  in  Laurentia-Baltica  (Christiansen  and  Hansen, 
1989;  Brett  et  al.,  1990;  Kaljo  et  al.,  1991;  Kemp,  1991). 

The  Ludlow  appears  to  have  been  a  time  of  exten¬ 
sive  mixed  terrigenous  and  carbonate  mud  deposition. 
Examples  include  the  regionally  extensive  (i.e.,  for 
hundreds  of  kilometers)  nodular  limestone  facies  and 
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scattered  sponge-coral-microbial  mounds  of  the  Douro 
Formation  in  the  Canadian  Arctic  Archipelago,  equiva¬ 
lent-age  Greben  Horizon  nodular  limestones  and 
mounds  (that  extend  for  more  than  1,500  km  along  the 
Urals),  and  the  type  Ludlow  at  Wenlock  Edge,  which 
shows  mixed  nodular  limestone  lithofacies. 

Dendroid  stromatoporoids  (amphiporids)  and 
favositids  first  appeared  in  the  Ludlow,  perhaps  in  re¬ 
sponse  to  these  muddy  seascapes.  Amphiporids  occur  in 
some  shelf-edge  reefs  and  in  inferred  back-reef  lagoonal 
settings  in  late  Ludlow  partially  reef-rimmed  carbonate 
banks  of  the  Urals,  Asia,  Canadian  Arctic  Islands,  and 
eastern  Canada  (Gaspe),  and  by  the  Pridoli  were  present 
in  Podolia.  This  facies,  in  combination  with  bank-margin 
reef  complexes,  forms  part  of  a  suite  of  bank  lithofacies 
that  show  a  Devonian  carbonate-bank  archetype 
(Brunton  and  Dixon,  1991b;  see  Burchette,  1981). 

Discussion 


The  temporal  correlation  between  Secundo  oceanic  epi¬ 
sodes  (S-States),  transgressions,  and  major  reef-building 
episodes  suggests  that  climate  was  a  major  controlling 
factor  in  the  paleogeographic  extent  and  duration  of  Sil¬ 
urian  reef  growth.  The  Jeppsson  (1990)  oceanic  model, 
which  relates  the  C02  storage  capacity  of  Silurian  oceans 
to  temperature  changes,  may  partly  explain  the  nature  of 
plankton  distribution  and  carbonate  bank  sedimentation 
in  some  Llandovery-Ludlow  successions. 

Reef  initiation  appears  to  match  deepening  phases 
and  thus  early  sea-level  highstand  conditions.  Accommo¬ 
dation  space  is  vital  for  reef  growth  (i.e.,  aggradation 
and/or  expansion  and  progradation).  Regional  rises  in 
relative  sea-level  allow  for  expansion  of  intracratonic 
banks  (ecospace  expansion)  and  enable  reef  growth  to 
become  established.  Silurian  reef  community  shallowing- 
up  trends  and  community  replacements  may  be  attrib¬ 
uted  to  the  skeletal  precipitation  of  epibenthic  metazoans 
and  accumulation  of  their  eroded  particulate  matter,  in 
combination  with  early  marine  cementation  (e.g.,  reef 
data  in  James  and  Macintyre,  1985;  Copper  and  Brunton, 
1991;  Brunton  and  Copper,  1994),  and  to  episodic  growth 
and  periodic  exposure  (karstification)  during  develop¬ 
ment  of  thicker  (a  few  to  tens  of  meters)  composite-reef 
structures  (e.g.,  so-called  "pinnacle"  reef  structures).  The 
result  of  prolonged  stillstand  conditions  or  shoaling  con¬ 
ditions  would  likely  be  the  establishment  of  extensive 
tabular  reefs  (biostromes)  and  decline  of  patch-reef 
growth,  as  observed  in  many  Late  Silurian  successions. 

The  existence  and  duration  of  S-  and  P-States  in  the 
Llandovery-Pridoli  have  been  inferred  from  conodont 
faunal  turnovers,  data  from  other  fossil  groups,  and  sedi- 


mentological  observations.  Durations  of  S-  and  P-State 
oceanic  conditions  were  highly  variable  through  the  Sil¬ 
urian  (Figures  2,  3).  S-State  oceans  appear  to  have  had  the 
longest  durations  in  the  Llandovery  and  Ludlow.  The 
Wenlock  shows  the  greatest  number  of  oceanic  state  rever¬ 
sals,  with  four  S-  and  P-State  couplets  in  a  time  span  of  ca. 
5  Ma.  These  short-lived  (ca.  1  Ma)  oceanic  states  are  per¬ 
haps  indicative  of  the  greatest  oceanic  and  climatic  stabil¬ 
ity  in  the  Silurian  (Figure  3).  The  Wenlock  also  coincides 
with  the  acme  of  Silurian  reef  development  (Figures  1,  2). 

The  length  of  the  Pridoli,  which  has  two  S-State 
oceans,  seems  to  be  the  most  contentious;  estimates  range 
from  2-10  Ma  (Figure  3).  If  the  duration  of  the  Pridoli  is 
limited  to  2  Ma,  then  minimum  estimates  for  carbonate- 
accumulation  rates  exceeded  300  B  (1  B  [Bubnoff]=l  mm/ 
1000  yrs).  There  are  at  least  700  m  of  Pridoli  shallow- 
water  carbonates  in  the  Barlow  Inlet  Formation,  Corn¬ 
wallis  Island,  Canadian  Arctic  (Brunton  and  Dixon, 
1991a).  In  the  North  Greenland  foldbelt,  estimates  for  Sil¬ 
urian  carbonate  bank  deposition  rates  increased  through 
the  Silurian  from  a  relatively  slow  15-20  B  in  the  Early 
Silurian  to  up  to  150  B  during  the  Ludlow  (Christiansen 
and  Hansen,  1989,  p.  73).  Deposition  rates  of  Upper  Sil¬ 
urian  carbonates  from  central  Laurentia  (Michigan  and 
northern  Appalachians)  are  estimated  to  be  ca.  25-100  B 
(Table  3  of  Enos,  1991;  presumably  based  on  a  ca.  5  Ma 
duration  of  the  Pridoli),  and  about  13  B  for  so-called  "pin¬ 
nacle"  reefs  in  the  Michigan  Basin  (Sarg,  1988).  The 
increased  deposition  rates  along  the  perimeters  of 
Laurentia  and  Baltica  coincide  with  the  onset  of  a  second 
major  tectophase  in  the  late  Ludlow.  Significant  litho¬ 
facies  differentiation  in  upper  Ludlow  carbonate  bank- 
margin  successions  reflects  a  biologic  response  to  this 
regionally  extensive  but  short-lived  event. 

Conclusions 


Eight  global  reef-building  episodes  of  different  duration 
and  paleogeographic  extent  are  recognized  for  the  Sil¬ 
urian.  Extensive  Wenlock  and  late  Ludlow  reef  tracts  are 
recognized  in  the  various  epeiric  seas  that  spanned  the 
paleoequatorial  region.  Late  Silurian  reef  tracts  show  the 
greatest  paleogeographic  extent;  perhaps  this  was  a 
biologic  response  to  increasing  global  surface  ocean  tem¬ 
peratures  and,  in  part,  to  the  gradual  movement  of  addi¬ 
tional  carbonate  banks  and  associated  shallow  epeiric 
seascapes  into  equatorial  regions  through  the  Silurian. 

The  major  controls  on  reef  development  appear  to 
have  been  climate  and  tectonism.  Climatic  amelioration 
through  the  early  Llandovery,  in  conjunction  with  the  ap¬ 
pearance  of  regionally  extensive  shallow-marine  epeiric 
seas  in  the  late  Telychian,  facilitated  the  greatest  diversifica- 
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tion  of  epibenthic  reef-building  metazoans  recorded  in  the 
Silurian.  This  rapid  increase  in  diversity  followed  the  first 
major  erosional  phase  associated  with  the  Salinic  distur¬ 
bance  (Salinic-1).  Subsequent  Wenlock  S-State  oceans, 
which  dominated  the  epoch  and  lasted  on  the  order  of  4-5 
Ma,  promoted  the  establishment  of  extensive  "carbonate 
factories"  that  featured  diverse  heterotroph-based  and 
photoautotroph-dominated  epibenthic  invertebrate  associa¬ 
tions.  The  acme  of  Silurian  reef  growth  was  in  the  Wenlock. 

Stromatoporoids  became  the  main  skeletal  epiben¬ 
thic  invertebrates  of  late  Ludlow  and  many  Pridoli  reefs — 
this  trend  continued  and  became  more  pronounced  in  the 
Devonian.  Calcareous  algae,  calcimicrobes,  and  sponges 
also  show  evolutionary  and  environmental  diversification 
through  the  Silurian.  Physical  and  oceanographic  changes 
during  the  late  Wenlock,  and  associated  step-down  extinc¬ 
tions  of  numerous  Wenlock  reef  invertebrates  and  planktic 
and  nektic  faunas,  may  have  enabled  calcimicrobes  and  al¬ 
gae  to  play  a  much  more  substantial  role  in  Late  Silurian 
reef  development.  Calcimicrobes  and  calcareous  algae 
helped  construct  the  largest  Silurian  bank-margin  com¬ 
plexes  and  bioherms.  These  biotic  shifts  or  community 
replacements  appear  to  have  been  biologic  responses  to 
continued  climatic  warming,  increased  mud  and  evapo¬ 
ration-induced  deposition,  a  second  tectophase  of  the 
Salinic  disturbance,  and  subsequent  global  sea-level 
stillstand  conditions  through  the  Pridoli. 
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ABSTRACT — Comparison  of  Silurian  seawater 87 Sr/86 Sr  data 
with  recent  interpretations  of  sea-level  history  suggest  that 
higher-frequency  fluctuations  in  87 Sr/86 Sr  may  be  causally  re¬ 
lated  to  eustasy.  87 Sr/86 Sr  data  were  derived  from  conodont 
elements  from  localities  in  North  America  and  Europe  that  rep¬ 
resent  thirteen  of  fourteen  defined  Silurian  conodont  zones. 
Laboratory  studies  of  conodont  elements  show  that  they  can 
provide  an  accurate  record  of  original  seaioater 87 Sr/86 Sr,  which 
in  turn  provides  the  first  high-resolution  record  of  seawater 
chemistry  for  the  Silurian  and  shows  several  higher-frequency 
cycles  superimposed  on  a  gradual  longer-term  rise  in  87Srfi6Sr 
for  the  period.  Higher-frequency  cycles  have  a  duration  of  about 
one  conodont  zone,  and  many  correlate  with  sequence  bound¬ 
aries  known  globally.  Sequence  bases  that  mark  sea-level  rise 
consistently  appear  to  correlate  with  falls  in  87  Sr/86  Sr.  This  sug¬ 
gests  a  eustatic  control  of  short  fluctuations  in  sea-iuater  stron¬ 
tium  isotope  chemistry. 


Introduction 


Ihe  continually  changing  but  cyclic  nature  of  strontium 
isotope  ratios  in  the  world's  oceans  during  the  Phanero- 
zoic  was  well  established  in  the  1970s  and  1980s  (e.g., 
Peterman  et  al.,  1970;  Veizer  and  Compston,  1974;  Burke 
et  al.,  1982).  Documentation  of  these  secular  changes  in 
seawater  87Sr/86Sr  has  provided  the  basis  for  a  powerful 
tool  for  relative  age-dating  of  marine  sedimentary  depos¬ 
its.  In  recent  years,  a  large  number  of  researchers  have 
utilized  published  secular  87Sr/86Sr  trends  to  define  the 
relative  age  and  timing  of  complex  depositional  and  di- 
agenetic  events  in  the  rock  record.  87Sr/86Sr  trends  for  the 
Cenozoic  and  much  of  the  Mesozoic  section  are  now  par¬ 


ticularly  well  known  due  to  several  detailed,  high-resolu¬ 
tion  studies  completed  in  recent  years  (e.g.,  DePaolo  and 
Ingram,  1985;  Koepnick  et  al.,  1986;  Hess  et  al.,  1986; 
Hodell  et  al.,  1990,  1991;  Jones  et  al.,  1994a,  1994b). 

Until  recently,  87Sr/86Sr  data  for  the  Paleozoic  (the 
most  comprehensive  of  which  are  those  of  Burke  et  al., 
1982)  were  too  imprecise  for  accurate  age  determinations. 
Major  problems  with  accurately  defining  seawater  87Sr/ 
86Sr  curves  for  the  Paleozoic  lie  in  the  large  uncertainties 
in  timing  and  strontium  isotope  ratio  because  of  impre¬ 
cise  sample  ages  and  the  difficulty  of  assessing  the  degree 
of  diagenetic  alteration. 

In  the  past  few  years,  several  studies  have  contrib¬ 
uted  to  the  development  of  better-resolved  87Sr/86Sr 
changes  for  parts  of  the  Paleozoic  (Cummins  and  Elder- 
field,  1994;  Ruppel  et  al.,  1995;  Bruckschen  et  al.,  1995; 
Martin  and  MacDougall,  1995;  Diener  et  al.,  1996).  All  of 
these  studies  utilized  modern,  high-resolution  instru¬ 
mentation  and  carefully  developed  analytical  techniques 
to  obtain  high-precision  measurements  of  87Sr/86Sr 
largely  from  conodont  elements  or  brachiopod  shells.  Al¬ 
though  some  studies  have  concluded  that  conodont  ele¬ 
ments  may  not  preserve  an  unaltered  record  of  seawater 
87Sr/86Sr  (Cummins  and  Elderfield,  1994;  Diener  et  al., 
1996),  Ruppel  et  al.  (1995,  1996)  and  others  (Martin  and 
MacDougall,  1995;  Holmden  et  al.,  1996)  have  argued 
they  can.  Many  of  these  recent  high  resolution  studies 
have  also  reported  higher-frequency  cycles  in  87Sr/86Sr 
(Cummins  and  Elderfield,  1994;  Ruppel  et  al.,  1995,  1996; 
Bruckschen  et  al.,  1995;  Diener  et  al.,  1996). 

We  have  documented  the  87Sr/86Sr  record  for  the 
Silurian  based  on  conodont  elements  (Ruppel  et  al, 
1996).  In  that  report,  we  noted  possible  correlations 
between  tentatively  defined  eustatic  cycles  and  higher- 
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frequency  cycles  in  87Sr/86Sr.  We  compare  herein  our 
original  data  with  recently  compiled  sea-level  history 
data  for  the  Silurian  (Johnson,  1996).  This  comparison 
makes  an  even  stronger  argument  for  a  correlation 
between  higher-frequency  fluctuations  in  87Sr/86Sr  and 
eustasy.  We  also  present  data  to  support  our  claims:  1) 
that  conodont  elements  can  preserve  an  accurate  record 
of  original  87Sr/86Sr  retrievable  with  proper  analytical 
techniques;  and  2)  that  conodont  elements  can  be  excel¬ 
lent  materials  on  which  to  base  the  construction  of  accu¬ 
rate  curves  of  seawater  87Sr/86Sr  for  the  Paleozoic. 

Methods 


The  87Sr/86Sr  values  of  this  report  were  obtained  from  con¬ 
odont  elements  recovered  from  Silurian  carbonate  rock 
successions  in  Oklahoma,  Tennessee,  Texas,  Quebec,  and 
western  Europe  (Table  1).  To  ensure  accurate  relative 
placement  of  samples  in  a  stratigraphic  framework,  con¬ 
odont  zonal  determinations  were  made  for  all  samples. 
Because  the  most  unequivocal  stratigraphic  placement  of 
samples  is  based  on  superposition,  we  concentrated  our 
initial  efforts  on  one  section  in  Oklahoma.  The  Silurian  sec¬ 
tion  of  the  Hunton  Group  along  U.S.  Rte.  77  in  southern 
Oklahoma  contains  a  largely  continuous  record  of  all  but 
the  lowest  part  of  the  system  (Barrick  and  Klapper,  1976, 
1992).  This  succession  was  augmented  with  samples  from 
other  nearby  localities  in  Oklahoma  (Barrick  and  Klapper, 
1976,  1992).  Additional  samples  for  the  Wenlock  Series 
came  from  the  Wayne  Formation  in  Tennessee  (Barrick, 
1983).  As  it  contains  four  of  the  same  conodont  zones 
sampled  in  Oklahoma,  the  Wayne  succession  provides  an 
important  basis  to  compare  87Sr/86Sr  values  from  geo¬ 
graphically  separated  areas.  Llandovery  samples  came  pri¬ 
marily  from  the  well-constrained  and  stratigraphically 
continuous  succession  of  the  Jupiter  and  Chicotte  Forma¬ 
tions  on  Anticosti  Island,  Quebec  (Uyeno  and  Barnes, 
1983).  Supporting  data  for  the  Flandovery  were  obtained 
from  selected  samples  from  the  Gaspe  Peninsula  of  Que¬ 
bec  (Nowlan,  1983),  Arkansas,  Ohio,  Sweden,  England, 
and  oil  field  cores  from  the  Texas  subsurface.  All  samples 
were  correlated  into  the  U.S.  Rte.  77  section  in  Oklahoma 
by  conodont  zonation  and  superposition.  We  obtained  and 
analyzed  more  than  60  samples  from  thirteen  of  the  con¬ 
odont  zones  recognized  for  the  Silurian  (Barrick  and 
Klapper,  1976;  Nowlan,  1983;  Aldridge,  1985;  Sweet,  1988; 
Jeppsson,  1988). 

For  the  most  part,  we  selected  single  conodont  ele¬ 
ments  for  analysis.  Because  elements  typically  show 
strontium  concentrations  of  2,000  to  4,000  ppm,  we  were 
routinely  able  to  analyze  single  elements  or  fragments  of 
elements  that  weighed  as  little  as  10  micrograms.  This 


approach  reduced  the  risk  of  error  due  to  physical  mixing 
of  specimens  and  generally  improved  precision.  Because 
some  workers  have  concluded  that  thermal  alteration  can 
increase  the  likelihood  of  Sr  exchange  (Bertram  et  al., 
1992;  Cummins  and  Elderfield,  1994),  we  limited  our 
sample  selection  to  elements  with  conodont  alteration  in¬ 
dices  (i.e.,  CAI;  Epstein  et  al.,  1977)  less  than  2. 

All  samples  were  weighed,  transferred  to  Teflon 
screw-top  vials,  and  cleaned  in  several  changes  of  quartz- 
distilled  water.  Early  in  the  project,  we  noticed  that  some 
elements  were  incompletely  cleaned  by  the  distilled  water 
washes.  These  samples  typically  also  produced  87Sr/86Sr 
values  that  were  up  to  0.000153  times  more  radiogenic 
than  the  residual  conodont  element  material  (Figure  1). 
Because  of  this,  we  conducted  experiments  to  determine 
the  best  technique  for  further  cleaning,  and  determined 
that  the  highest  reproducibility  was  obtained  by  leaching 
samples  in  weak  acetic  acid  before  analysis.  Successive 
leaching  of  single  elements  indicated  that  radiogenic 
strontium  was  efficiently  removed  by  leaching  for  12-16 
hours  in  0.5%  acetic  acid.  Leaching  beyond  this  point 
showed  no  significant  difference  in  87Sr/86Sr  values 
between  the  leachate  and  residuum.  Holmden  et  al.  (1996) 
conducted  similar  leaching  experiments  that  also  showed 
that  pre-analysis  leaching  is  crucial  for  removing  radio¬ 
genic  strontium  from  surficial  layers  of  conodont  elements 
and  for  obtaining  more  accurate  seawater  87Sr/86Sr  values. 
After  leaching,  elements  were  rinsed  in  quartz-distilled 
water,  dried  at  room  temperature,  and  reweighed  to  deter¬ 
mine  the  amount  of  material  lost  to  leaching.  Weight  losses 
typically  ranged  from  2M5%  of  the  original  sample  weight. 

All  subsequent  procedures  were  performed  under 
laminar  flow  HEPA-filtered  air.  Samples  were  rinsed  in 
quartz-distilled  water,  and  then  dissolved  in  20  microli¬ 
ters  of  concentrated  nitric  acid.  Sample-bearing  vials 
were  capped,  left  on  a  90°  C  hot  plate  for  several  hours, 
and  then  cooled.  For  chemical  separation  of  Sr,  we  used 
the  ion  exchange  resin  Sr-SPEC  50  from  Eichrom  Indus¬ 
tries  in  Darian,  Illinois.  Ion  exchange  columns  were  con¬ 
structed  from  disposable  polyethylene  "eyedropper" 
pipettes.  Pipette  tubes  were  trimmed  to  accommodate  75 
microliters  of  cleaned  resin;  the  bottom  was  plugged  with 
a  porous  polypropylene  frit,  and  the  bulb  of  the  pipette 
cut  to  form  a  2  ml  reservoir.  The  columns  were  cleaned 
for  several  days  in  baths  of  warm  7N  PINO,  and  6N  HC1. 
During  ion  exchange,  2.2  ml  of  3.3N  high-purity  HN03 
was  added  to  the  column  after  the  dissolved  sample  to 
elute  ions  other  than  Sr.  Blanks  for  the  entire  analytical 
procedure  were  less  than  12  picograms  of  total  Sr,  which 
for  these  samples  is  insignificant. 

Following  ion  exchange,  samples  were  loaded  onto 
Ta  single  filaments  with  phosphoric  acid  and  run  on  a 
Finnegan  MAT  261  mass  spectrometer.  Data  were  cor- 
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Table  1 — 87Sr/86Sr  data  from  Silurian  conodont  elements. 


Conodont  Zone 

Location 

Sample  Number 

Formation 

87Sr/86Sr 

Precision  (2  a) 

Lithology 

Ou.  elegans  detorta 

Oklahoma 

135-2AA 

Henryhouse 

0.708729 

0.000021 

aW 

Ou.  elegans  detorta 

Oklahoma 

77-40A 

Henryhouse 

0.708708 

0.000012 

aW 

Ou.  elegans  detorta 

Oklahoma 

77-39 

Henryhouse 

0.708711 

0.000011 

aW 

Ou.  elegans  detorta 

Oklahoma 

77-37 

Henryhouse 

0.708717 

0.000028 

aW 

O.  eosteinhornensis 

Oklahoma 

ChiC  A-28 

Henryhouse 

0.708703 

0.000014 

fW 

O.  eosteinhornensis 

Oklahoma 

77-36 

Henryhouse 

0.708722 

0.000010 

afW 

O.  snajdri 

Oklahoma 

Hickory  Ck-13 

Henryhouse 

0.708732 

0.000013 

fW 

O.  snajdri 

Sweden 

Juves  3 

Hamra 

0.708724 

0.000011 

afW 

O.  snajdri 

Oklahoma 

77-34A 

Henryhouse 

0.708711 

0.000010 

afW 

O.  snajdri 

Oklahoma 

77-27 

Henryhouse 

0.708731 

0.000009 

fW 

O.  snajdri 

Oklahoma 

77-310 

Henryhouse 

0.708699 

0.000010 

sM 

Po.  siluricus 

Oklahoma 

77-307 

Henryhouse 

0.708689 

0.000011 

sM 

Po.  siluricus 

Oklahoma 

77-25 

Henryhouse 

0.708698 

0.000008 

sM 

A.  ploeckensis 

England 

England  4.8 

Leintwardine 

0.708696 

0.000010 

sM 

A.  ploeckensis 

Oklahoma 

77-305 

Henryhouse 

0.708671 

0.000011 

shale 

A.  ploeckensis 

Oklahoma 

77-304 

Henryhouse 

0.708659 

0.000012 

shale 

A.  ploeckensis 

Oklahoma 

77-303 

Henryhouse 

0.708608 

0.000015 

sM 

K.  crassa 

Tennessee 

Clifton  13 

Wayne 

0.708531 

0.000010 

sfP 

K.  crassa 

Tennessee 

Clifton  13  leach 

Wayne 

0.708554 

0.000012 

sfP 

K.  crassa 

Oklahoma 

77-301 

Henryhouse 

0.708549 

0.000012 

sM 

K.  crassa 

Oklahoma 

M2-1 

Clarita 

0.708463 

0.000011 

afW 

K.  crassa 

Oklahoma 

77-24 

Clarita 

0.708489 

0.000027 

afW 

K.  stauros 

Oklahoma 

77-22 

Clarita 

0.708446 

0.000009 

afW 

K.  stauros 

Tennessee 

Clifton  11 

Wayne 

0.708432 

0.000011 

afP 

K.  stauros 

Tennessee 

Clifton  11  leach 

Wayne 

0.708496 

0.000015 

afP 

K.  stauros 

Oklahoma 

Haragan  Ck-9 

Clarita 

0.708428 

0.000011 

afW 

K.  amsdeni 

Oklahoma 

77-16 

Clarita 

0.708474 

0.000012 

fW 

K.  amsdeni 

Oklahoma 

Haragan  Ck-4 

Clarita 

0.708370 

0.000015 

fW 

K.  amsdeni 

Oklahoma 

77-20  A 

Clarita 

0.708349 

0.000010 

fW 

K.  amsdeni 

Tennessee 

Centerville-9 

Wayne 

0.708349 

0.000012 

fP 

K.  amsdeni 

Tennessee 

Centerville-9  leach 

Wayne 

0.708341 

0.000016 

fP 

K.  ranuliformis 

Tennessee 

CA-103 

Clarita 

0.708379 

0.000018 

afW 

K.  ranuliformis 

Tennessee 

CA-103  leach 

Clarita 

0.708525 

0.000013 

afW 

K.  ranuliformis 

Oklahoma 

Haragan  Ck  2 

Clarita 

0.708349 

0.000015 

fW 

K.  ranuliformis 

Oklahoma 

Haragan  Ck  2  leach 

Clarita 

0.708388 

0.000012 

fW 

K.  ranuliformis 

Oklahoma 

77-14 

Clarita 

0.708420 

0.000012 

fW 

K.  ranuliformis 

Oklahoma 

77-12A 

Clarita 

0.708377 

0.000020 

fW 

P.  amorphognathoides 

Oklahoma 

77-11 

Clarita 

0.708334 

0.000011 

shale 

P.  amorphognathoides 

England 

Hughly  Brook  F 

Purple  Shales 

0.708368 

0.000012 

shale 

P.  amorphognathoides 

Tennessee 

CA-102 

Wayne 

0.708365 

0.000010 

afW 

P.  amorphognathoides 

Tennessee 

CA-IOIA 

Wayne 

0.708363 

0.000010 

afW 

P.  amorphognathoides 

Tennessee 

CA-IOIA  leach 

Wayne 

0.708399 

0.000015 

afW 

P.  amorphognathoides 

Texas 

SantaFel2656' 

Fusselman 

0.708319 

0.000010 

G 

P.  celloni 

Oklahoma 

Ml  0-4 

Cochrane 

0.708073 

0.000012 

fW 

P.  celloni 

Oklahoma 

55-103 

Cochrane 

0.708064 

0.000010 

fW 

P.  celloni 

Arkansas 

Love  Hollow 

Brassfield 

0.708153 

0.000008 

G 

P.  celloni 

Anticosti 

267 

Chicotte 

0.708309 

0.000011 

G 

P.  celloni 

Anticosti 

264 

Jupiter 

0.708267 

0.000011 

M-W 

D.  staurognathoides 

England 

Gullet  2 

Wych 

0.708268 

0.000010 

G 

D.  staurognathoides 

Anticosti 

260 

Jupiter 

0.708236 

0.000011 

M-W 

D.  staurognathoides 

Anticosti 

292 

Jupiter 

0.708248 

0.000010 

M 

D.  staurognathoides 

Anticosti 

281 

Jupiter 

0.708220 

0.000012 

M 

D.  staurognathoides 

Anticosti 

238 

Jupiter 

0.708172 

0.000009 

M 

D.  kentuckyensis 

Ohio 

Brassfield  (Cooper) 

Brassfield 

0.708049 

0.000008 

fW 

D.  kentuckyensis 

Texas 

Pegasus  12005' 

Fusselman 

0.707986 

0.000011 

G 

87Sr/86Sr  ratios  are  corrected  to  a  running  average  of  NBS  987  standards  analyzed  before,  during,  and  after  sample  runs.  NBS  987  averaged  0.710255  ± 
.000029  at  the  95%  confidence  level  (n  =15).  Modern  seawater  Sr  run  concurrently  yielded  0.709172  ±  0.000008  at  the  95%  confidence  level  (n=6).  "leach" 
denotes  analyses  of  acid  leachates.  Lithology  codes:  M,  mudstone;  W,  wackestone,  P,  packstone;  G,  grainstone;  a,  argillaceous,  s,  silty;  f,  fossiliferous. 
Conodont  genera:  A.  =  Ancoradella,  D.  =  Distomodus,  K.  =  Kockelella,  0.  =Ozarkodina,  Ou..  =  Oulodus,  P.  =  Pteraspathodus,  Po.  =  Polygnathoides. 
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rected  for  mass  fractionation  with  an  exponential  law  and 
an  86Sr/88Sr  ratio  of  0.1194.  At  least  one  NBS  987  standard 
and  a  modem  seawater  standard  were  run  with  each  tur¬ 
ret  of  samples.  We  noted  minor  instrumental  drift  during 
the  course  of  the  study.  During  this  time,  NBS  987  aver¬ 
aged  0.710255  +/-  0.000029  (at  the  95%  confidence  level, 
n=15).  To  calculate  analytical  precision,  we  averaged  NBS 
987  standards  run  in  previous,  current,  and  subsequent 
turrets,  and  then  corrected  the  sample  ratios  of  each  tur¬ 
ret  by  the  difference  between  this  running  average  of  the 
value  for  the  standard  and  the  overall  average.  This  pro¬ 
cedure  reduced  the  variation  in  the  seawater  standard 
from  0.709171  +/-  0.000021  to  0.709176  +/-  0.000016  (at 
the  95%  confidence  level,  n=14).  This  compares  very  well 
with  2  sigma  estimates  of  analytical  reproducibility  of  +/ 
-  0.000022  to  +/-  0.000026  cited  in  earlier  studies  (Hodel 
et  al.,  1990;  Miller  et  al.,  1991;  Martin  and  MacDougal, 
1991;  Jones  et  al  ,  1994a).  Duplicate  analyses  were  per¬ 
formed  for  22  conodont  samples.  Average  deviation  from 
the  mean  was  <0.000016,  and  about  equal  to  analytical 
precision  (Figure  2). 

We  plotted  our  data  (Table  1)  against  conodont  zones, 
which  are  in  turn  correlated  with  graptolite  zones  (fide 
Johnson,  1996).  In  doing  so,  we  purposely  avoided  relating 
87Sr/86Sr  to  geochronology  because  of  the  large  uncertainties 
associated  with  most  estimates  of  geologic  time  for  the  Pa¬ 
leozoic.  Plotting  87Sr/86Sr  data  against  time  can  greatly 
obscure  the  true  resolution  possible  with  87Sr/86Sr  chemo- 
stratigraphy.  Jones  et  al.  (1994a)  reached  the  same  conclu¬ 
sion  in  their  study  of  the  Lower  Jurassic,  and  similarly  plot¬ 
ted  their  87Sr/86Sr  data  against  ammonite  zones. 


Defining  SeaWater  87Sr/86Sr 
Chemistry 


Fundamental  to  any  reconstruction  of  the  chemistry  of 
the  ancient  oceans  is  the  selection  and  analysis  of  samples 
that  are  chemically  unaltered.  In  practice,  virtually  all 
sedimentary  materials  (i.e.,  sediments,  cements,  and  fos¬ 
sils)  have  undergone  variable  degrees  of  diagenesis.  This 
is  especially  true  of  the  carbonate,  phosphate,  and 
evaporite  minerals  from  which  most  87Sr/86Sr  data  have 
been  obtained.  Cathode  luminescence  has  been  used  by 
many  to  screen  for  diagenesis  in  rocks  and  fossils,  but 
several  studies  have  demonstrated  significant  chemical 
diagenesis  even  where  physical  evidence  is  lacking  (Popp 
et  al.,  1986;  Rush  and  Chafetz,  1990;  Wadleigh  and  Veizer, 
1992;  Banner  and  Kaufman,  1994;  W.B.  Ward,  personal 
commun.,  1997).  Owing  to  the  difficulty  in  recognizing 
altered  sample  materials,  the  significance  of  most  87Sr/ 
86Sr  data  must  be  evaluated  by  comparison  with  other 
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FIGURE  1 — Variation  in  87Sr/86Sr  measurements  from  leachates  and 
residual  cores  of  conodont  elements.  Note  that  most  leachates  are 
radiogenic. 


FIGURE  2 — Variation  among  duplicate  analyses  of  87Sr/86Sr  from 
conodont  elements. 


data.  In  general,  it  is  assumed  that  lower  87Sr/86Sr  values 
are  closer  to  original  sea  water  composition  (Burke  et  al., 
1982;  Jones  et  al.,  1994a).  This  is  likely  because  shallow- 
water,  nearshore  sediments  are  more  likely  to  be  exposed 
to  diagenetic  fluids  that  carry  radiogenic  strontium  from 
cratonic  sources.  If  altered  by  diagenesis,  these  materials 
most  commonly  undergo  isotopic  shifts  to  higher  or  more 
radiogenic  values.  Because  of  the  predisposition  of  sedi¬ 
ments  to  become  radiogenic,  87Sr/86Sr  seawater  isotope 
"curves"  are  typically  drawn  along  the  lowest  87Sr/86Sr 
data  points  in  the  data  set,  and  are  constantly  susceptible 
to  re-evaluation  or  modification  as  additional  data  be¬ 
come  available. 
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FIGURE  3 — Comparison  of  Silurian  87Sr/86Sr  data  of  this  report  with 
those  of  Burke  et  al.  (1982)  as  redocumented  by  Denison  et  al.  (In  press). 


One  basis  for  assessing  the  validity  of  our  data  set  is 
a  comparison  with  other  data  sets.  We  have  accordingly 
plotted  our  data  with  those  of  Burke  et  al.  (1982),  the  only 
other  comprehensive  data  set  for  the  Silurian  as  recently 
upgraded  by  Denison  et  al.  (In  press;  Figure  3).  Although 
it  is  impossible  to  make  an  exact  comparison  because  bio- 
stratigraphic  information  is  absent  for  Burke  et  alii's 
(1982)  samples,  it  is  nevertheless  apparent  that  our  data 
show  less  scatter  and  are  much  less  radiogenic  (Figure  3). 
Our  data  show  an  order  of  magnitude  less  variation 
among  equivalent  and  adjacent  samples,  a  variation  that 
is  typically  within  analytical  reproducibility.  The  lack  of 
scatter  and  lower  radiogenic  character  of  our  data  sug¬ 
gest  that  conodont  elements  have  not  been  modified  by 
post-depositional  diagenesis,  as  were  the  predominately 
whole-rock  limestone  samples  used  for  Burke  et  alii's 
(1982)  study,  but  instead  preserve  the  original  87Sr/86Sr 
chemistry  of  Silurian  seawater.  Good  agreement  among 
our  duplicate  analyses  of  conodont  elements  (Figure  2) 
also  supports  this  contention,  as  does  the  similarity  of 
equivalent  samples  from  different  sample  localities. 


Conodont  Record  of  Silurian 
Sea  Water  87Sr/86Sr 

Our  data  reflect  the  general  increase  in  87Sr/86Sr  ratios 
from  the  beginning  to  the  end  of  the  Silurian  (Figures  3, 4) 
shown  by  earlier  studies  (e.g.,  Burke  et  al.,  1982;  Denison 
et  al..  In  press)  as  part  of  a  long-term  cycle  in  87Sr/86Sr  that 
extends  from  the  Late  Ordovician  to  the  Middle  Devo¬ 
nian.  Although  we  did  not  analyze  samples  from  the 
lowermost  Silurian  Ozarkodina  nathani  Zone,  our  earlier 


reported  values  from  the  uppermost  Ordovician  (Ruppel 
et  al.,  1996)  imply  a  value  of  0.7079  for  the  beginning  of 
the  Silurian  as  the  approximate  low  point  for  this  long¬ 
term  cycle.  This  value  is  considerably  lower  than  the  ap¬ 
proximate  value  of  0.7081  (adjusted  to  NBS  987  = 
0.710255)  of  Burke  et  al.  (1982).  Our  value  of  0.7087  for 
the  Silurian-Devonian  boundary  is  similar  to  theirs. 
However,  better  correlations  by  conodonts  suggest  that 
the  acme  of  the  long-term  Silurian-Devonian  87Sr/86Sr 
cycle  occurs  at  the  Silurian-Devonian  boundary,  not  in 
the  upper  Silurian  as  shown  by  Burke  et  al.  (1982). 

As  reported  earlier  (Ruppel  et  al.,  1996),  our  data 
also  show  short-term  variations  in  87Sr/86Sr  values  during 
the  Silurian.  These  variations  are  supported  in  most  cases 
by  more  than  one  data  point  and,  in  several  instances,  by 
data  from  more  than  one  locality  (Figure  4).  These 
short-term  variations  in  87Sr/86Sr  values  are  cyclical  with 
amplitudes  of  1-1.5  x  10-4,  and  are  about  an  order  of  mag¬ 
nitude  lower  in  amplitude  than  the  long-term  Silurian- 
Devonian  87Sr/86Sr  cycle.  The  duration  of  these  higher- 
frequency  cycles  cannot  be  determined  with  any  preci¬ 
sion  because  of  uncertainties  in  geochronology.  Most  are 
approximately  one  conodont  zone  in  duration  (Ruppel  et 
al.,  1996).  Although  ages  through  the  Silurian  are  poorly 
defined,  recent  estimates  have  suggested  a  duration  of  26 
Ma  (Tucker  and  McKerrow,  1995)  or  23  Ma  (Johnson, 
1996),  and  imply  an  average  duration  of  about  2  Ma  per 
conodont  zone.  Most  higher-frequency  87Sr/86Sr  cycles 
have  amplitudes  of  about  1  x  10‘4,  although  the  late 
Llandovery  cycle  has  a  much  higher  amplitude  of  about  3 
x  10’4.  Similar  higher-frequency  87Sr/86Sr  cycles  have  re¬ 
cently  been  documented  for  both  the  Devonian  (Diener  et 
al.,  1996)  and  the  Mississippian  (Cummins  and  Elder- 
field,  1994).  Cycles  from  both  of  these  studies  appear  to 
exhibit  similar  amplitudes  (ca.  1-1.5  x  10'4)  and  durations 
(ca.  1-1.5  Ma)  by  comparison  with  those  reported  herein. 
87Sr/86Sr  data  reported  by  Diener  et  al.  (1996;  see  also 
Bruckschen  et  al.,  1995),  which  are  based  on  analyses  of 
brachiopods,  appear  to  show  even  higher  frequency  fluc¬ 
tuations  based  on  closer  sampling  through  Middle  Devo¬ 
nian  conodont  zones.  Taken  together,  these  studies  and  ours 
present  a  strong  argument  for  the  reality  of  higher-fre¬ 
quency  oscillations  in  87Sr/86Sr  values  during  the  Paleozoic. 


Higher-Frequency  87Sr/86Sr  Oscil¬ 
lations  and  Sea-Level  Cyclicity 


Based  on  comparisons  of  Silurian,  Devonian,  and  Per¬ 
mian  87Sr/86Sr  data  with  sea-level  rise  an4  fall  events, 
Ruppel  et  al.  (1995,  1996)  suggested  that  higher- 
frequency  oscillations  in  87Sr/86Sr  may  be  tied  to  eustasy. 
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Sea-level  fall  and  rise  cycles  are  relatively  well  estab¬ 
lished  for  the  Devonian  (Johnson  et  al.,  1985;  Johnson  and 
Klapper,  1992;  Elrick,  1995)  and  Permian  (Kerans  et  al., 
1994;  Kerans  and  Fitchen,  1995),  and  allow  ready  com¬ 
parison  with  87Sr/86Sr  trends.  The  sea-level  history  of  the 
Silurian,  on  the  other  hand,  has  been  less  well  known. 
Studies  based  on  facies  and  faunal  patterns  have  indi¬ 
cated  as  many  as  four  major  worldwide  sea-level-fall 
events  in  the  Llandovery  (Johnson  et  al.,  1981,  1991; 
Aldridge  et  al.,  1993)  and  at  least  four  more  for  the 
Wenlock-Ludlow-Pridoli  interval  (Jeppsson  1987;  Ross 
and  Ross,  1988;  Johnson  et  al.,  1991),  although  there  is 
some  variation  in  the  location  of  these  events.  Johnson 
(1996)  has  recently  presented  an  up-to-date  summary  of 
the  most  widely  recognized  and  correlative  of  these 
events  for  the  Silurian.  This  scheme  provides  a  much 
more  rigorous  basis  for  comparison  of  sea-level  cycles 
with  87Sr/86Sr  oscillations. 

When  conodont  87Sr/86Sr  data  are  compared  to  these 
sea-level  rise-fall  cycles  (Figure  4),  many  cycles  (which 
are  of  approximately  equal  scale  to  third-order  deposi- 
tional  sequences)  appear  to  coincide  with  changes  in 
rates  of  rise  or  fall  in  87Sr/86Sr  (Figure  4).  Perhaps  the  best 
correlation  between  87Sr/86Sr  and  sea-level  is  seen  in  the 
Pterospathodus  celloni  Zone  (Figure  4).  The  large  shift  in 
87Sr/86Sr  to  less  radiogenic  values  in  the  middle  P.  celloni 
Zone  coincides  with  what  is  interpreted  to  have  been  the 
largest  sea-level  rise  during  the  Silurian  (Johnson,  1996). 
This  87Sr/86Sr  fall,  which  is  recorded  in  our  data  set  by 
two  samples  from  different  localities  in  Oklahoma,  was 
also  observed  by  Denison  et  al.  (In  press)  in  a  whole-rock 
sample  from  another  locality  in  Oklahoma  (Figure  3).  Al¬ 
though  less  striking,  small  87Sr/86Sr  falls  are  also  observed 
at  or  near  many  of  the  other  documented  Silurian  se¬ 
quence  boundaries.  Apparent  slight  offsets  between  87Sr/ 
86Sr  falls  and  sea-level  rises  in  the  Kochelella  amsdeni,  K. 
ranulifortnis,  Kochelella  crassa,  and  Polygnathoides  siluricus 
Zones  may  be  explained  by  imprecise  location  of  samples 
relative  to  sequence  boundaries.  The  position  of  these 
sea-level-rise  events  cannot  now  be  defined  more  pre¬ 
cisely  in  the  Oklahoma  succession  from  which  these 


FIGURE  4 — (opposite)  Comparison  of  87Sr/86Sr  values  with  interpreted 
sea-level  history  of  the  Silurian.  Plot  is  scaled  by  assigning  graptolite 
zones  (G.  Z.,  shown  by  black  and  white  bars)  an  equal  duration. 
Correlations  to  conodont  zonation  and  sea-level  curve  from  Johnson 
(1996).  Sequence  boundaries  shown  by  arrow  lines.  The  width  of  the 
87Sr/86Sr  curve  approximates  the  analytical  reproducibility  (+/- 

O. 000016  at  the  95%  confidence  level).  Locations  of  samples:  squares, 
Oklahoma;  triangles,  Tennessee;  circles,  other  localities.  Conodonts:  A., 
Ancoradella;  D.,  Distomodus;  K.,  Kockelella;  O.,  Ozarkodina;  Ou.,  Oulodus; 

P. ,  Pterospathodus;  Po.,  Polygnathoides. 


samples  were  collected.  By  contrast,  the  location  of 
samples  relative  to  sequence  boundaries  is  much  clearer 
for  the  Distomodus  staurognathoides  Zone,  for  which  the 
samples  come  from  the  well-constrained  section  on 
Anticosti  Island  (Johnson  et  al.,  1981).  Tire  sequence 
boundary  defined  in  the  upper  part  of  this  zone  corre¬ 
sponds  with  a  well-defined  fall  in  87Sr/86Sr  (Figure  4),  and 
the  trend  of  the  87Sr/86Sr  data  at  the  lower  sequence 
boundary  suggests  a  similar  fall,  although  sampling  den¬ 
sity  is  insufficient  to  show  this  conclusively. 

One  87Sr/86Sr  cycle  is  apparently  not  associated  with 
a  known  sequence  boundary.  Although  Ruppel  et  al. 
(1996)  suggested  a  sequence  boundary  correlated  with 
the  Pterospathodus  amorphognathoides  Zone  fall  in  87Sr/86Sr, 
no  such  sea-level  rise  was  recognized  by  Johnson  (1996). 

Comparison  of  our  87Sr/86Sr  data  and  interpreted  Si¬ 
lurian  sea-level  history  (Johnson,  1996)  tends  to  suggest  a 
pattern  of  more  radiogenic  87Sr/86Sr  at  depositional  se¬ 
quence  tops  and  lower  values  at  their  bases.  This  same 
pattern  has  been  observed  in  Devonian  and  Permian  car¬ 
bonate  successions  by  the  authors  (Ruppel  et  al.,  1995). 
Data  reported  by  Diener  et  al.,  (1996)  also  demonstrate 
increasing  (although  fluctuating)  87Sr/86Sr  through  depo¬ 
sitional  sequences  followed  by  substantial  falls  at  se¬ 
quence  boundaries. 

Discussion 


The  interpretation  of  higher-frequency  cycles  in  seawa¬ 
ter  87Sr/86Sr  from  our  data  set  is  based  on  the  conclusion 
that  the  strontium  isotope  composition  of  these  conodont 
elements  has  not  been  altered  by  diagenesis.  This  differs 
from  the  conclusions  reached  by  Cummins  and  Elderfield 
(1994)  and  Diener  et  al.  (1996).  In  each  of  those  studies, 
conodont  elements  were  found  to  be  significantly  radio¬ 
genic  when  compared  to  coeval  brachiopods.  In  neither 
study,  however,  were  conodont  elements  cleaned  by 
leaching  before  analysis.  As  we  have  stated,  we  found 
leaching  to  be  critical  in  achieving  reproducible  and 
non-radiogenic  results.  We  found  surface  and  outer  lay¬ 
ers  of  some  conodont  elements  to  be  as  much  as  1.53  x  10'4 
more  radiogenic  than  the  interior,  residual  material.  In  a 
study  of  Permian  and  Triassic  conodont  elements,  Martin 
and  MacDougall  (1995)  also  found  radiogenic  strontium 
on  outer  layers  of  conodont  elements  and  utilized  a 
similar  leaching  process  to  remove  it  before  analysis. 
Holmden  et  al.  (1996)  recently  documented  a  very  similar 
relationship,  but  also  showed  that  probable  seawater  sig¬ 
natures  do  remain  in  internal  layers,  and  that  by  leaching 
of  surficial  layers,  these  signals  can  be  recorded.  Thus 
although  diagenesis  and  contamination  by  radiogenic 
strontium  is  a  constant  concern,  we  feel  that  our  experi- 
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merits  with  leaching  and  duplicate  analyses  (Figures  1 
and  2),  combined  with  the  confirmation  of  data  points 
provided  by  samples  from  geographically  separate 
sample  locations,  suggest  that  we  have  recorded  the 
original  Silurian  seawater  chemistry  by  following  the 
techniques  outlined  above. 

In  addition  to  carefully  selected  and  leached  sample 
materials,  development  of  a  high-resolution  record  of 
secular  change  in  87Sr/86Sr  that  is  capable  of  defining 
higher-frequency  oscillations  requires  an  accurate  basis 
for  inter-section  correlation  and  stratigraphic  location  of 
data  points.  Despite  recent  improvements  (e.g..  Tucker 
and  McKerrow,  1995),  geochronologic  dates  for  the  Paleo¬ 
zoic  are  too  imprecise  for  this  purpose.  Biostratigraphy 
offers  a  much  more  precise  framework  for  sample  corre¬ 
lation.  However,  because  higher-frequency  87Sr/86Sr  cycles 
in  many  cases  appear  to  have  durations  of  less  than  one 
faunal  zone  (Figure  4),  recognition  of  these  cycles  de¬ 
pends  on  tying  samples  to  physically  continuous  strati¬ 
graphic  sections.  Although  data  can  be  interrelated  by 
superposition  within  such  sections,  correlation  between 
sections  requires  a  sophisticated  biostratigraphic  frame¬ 
work  such  as  the  one  now  provided  by  conodonts.  Recent 
efforts  directed  at  refining  global  conodont  zonations  by 
graphic  correlation  techniques  promise  an  even  higher 
resolution  framework  (Kleffner,  1989,  1995;  Fordham, 
1992).  Only  when  all  87Sr/86Sr  data  are  related  to  such  a 
framework  can  the  precise  nature  of  higher-frequency 
fluctuations  in  87Sr/86Sr  be  documented. 

The  improved  resolution  of  changes  in  seawater  87Sr/ 
86Sr  through  the  Silurian  allowed  by  our  conodont-based 
data  has  important  implications  for  the  use  of  87Sr/86Sr 
chemostratigraphy  in  correlating  Silurian  and  other  Paleo¬ 
zoic  sedimentary  rock  successions.  Better  resolution  of 
secular  87Sr/86Sr  trends  ostensibly  means  more  precise  rela¬ 
tive  dating  and  characterization  of  depositional  and  diage- 
netic  events.  In  situations  where  the  Silurian  87Sr/86Sr 
curve  defines  rapid  changes  in  87Sr/86Sr,  as  during  the 
Ludlow,  for  example,  the  correlation  potential  exceeds  that 
available  from  conodont  zones,  but  is  probably  more  im¬ 
precise  than  that  offered  by  graptolite  zones.  The  potential 
precision  suggested  by  the  graptolite  zonation  (Figure  4), 
however,  is  rarely  realized  in  shallow-water  carbonate 
platform  successions  because  of  the  scarcity  of  graptolites. 
Where  the  rate  of  87Sr/86Sr  change  is  less,  as  in  the  Pridoli, 
the  potential  resolution  from  87Sr/86Sr  chemostratigraphy 
is  much  poorer.  The  presence  of  higher-frequency  cycles  in 
the  87Sr/86Sr  record  also  complicates  the  potential  for 
high-resolution  chemostratigraphy.  In  intervals  where 
such  fluctuations  occur,  the  relative  age  of  the  rocks  must 
be  known  to  within  a  single  conodont  zone  to  utilize  the 
added  resolution  provided  by  higher-frequency  87Sr/86Sr 
cycles.  Where  such  biostratigraphic  precision  is  absent. 


resolution  is  less  because  of  the  recurrence  of  similar  87Sr/ 
86Sr  values  in  successive  cycles  (Figure  1). 

If  higher-frequency  fluctuations  in  87Sr/86Sr  truly 
occurred  in  Paleozoic  oceans,  as  this  and  other  recent 
data  sets  appear  to  indicate,  a  reconsideration  of  models 
of  strontium  flux  in  marine  basins  during  the  Paleozoic 
may  be  in  order.  Cyclic  rises  and  falls  in  seawater  87Sr/ 
86Sr  of  the  sort  documented  for  the  Silurian  require  alter¬ 
nating  inputs  from  two  very  different  reservoirs  of  stron¬ 
tium.  For  long-term  cycles,  such  as  those  documented  for 
Phanerozoic  oceans,  cyclic  rise  and  fall  of  87Sr/86Sr  is  ac¬ 
complished  primarily  by  changes  in  the  relative  input  of 
non-radiogenic  strontium  from  oceanic  hydrothermal 
sites  and  radiogenic  strontium  from  continental  weather¬ 
ing.  Higher  ratios  require  an  increase  in  continental  ero¬ 
sion,  whereas  falls  require  a  decrease  in  erosion  and/or 
an  increase  in  hydrothermal  activity  (Faure,  1986; 
Elderfield,  1986;  Edmond,  1992).  Higher-frequency  rises 
iia  87Sr/86Sr  values  in  the  Silurian  may  be  attributable  to 
erosion  of  radiogenic  strontium-bearing  continental  land 
masses  during  times  of  lowered  sealevel.  It  is  highly  un¬ 
likely,  however,  that  hydrothermal  flux  can  vary  signifi¬ 
cantly  at  the  approximately  1-2  Ma  scale  of  these  oscilla¬ 
tions  to  account  for  short-term  falls  in  87Sr/86Sr. 

Higher-frequency  87Sr/86Sr  cyclicity  may  be  ex¬ 
plained  by  periodic  mixing  of  two  discrete  and  isolated 
marine  reservoirs  of  87Sr/86Sr.  Wilde  et  al.  (1991)  inter¬ 
preted  the  Silurian  oceans  to  have  been  highly  stratified, 
but  also  argued  that  mixing  of  these  stratified  water 
masses  occurred  episodically.  It  seems  likely  that  during 
times  of  stratification,  bottom  waters  could  exhibit  dis¬ 
tinctly  lower  87Sr/86Sr  values  because  of  86Sr  flux  from  hy¬ 
drothermal  sources,  whereas  surface  waters  could  be 
much  more  radiogenic  because  of  an  influx  of  craton- 
derived  87Sr.  Mixing  of  these  water  masses  could  produce 
a  shift  in  87Sr/86Sr  values  that,  according  to  current  mod¬ 
els  of  the  mixing  rate  of  strontium  in  the  world  oceans, 
would  be  recorded  nearly  instantaneously  around  the 
globe. 

Very  similar,  higher-frequency  fluctuations  in  sea¬ 
water  87Sr/86Sr  have  been  documented  for  the  Silurian 
(this  report),  Mississippian  (Cummins  and  Elderfield, 
1994),  Devonian  (Ruppel  et  al.,  1995;  Diener  et  al.,  1996), 
and  Permian  (Ruppel  et  al.,  1995).  Curiously,  such  cycles 
are  not  as  apparent  in  the  excellent  87Sr/86Sr  record  of  the 
Tertiary.  Although  DePaolo  (1986)  described  changes  in 
the  rate  of  increase  in  87Sr/86Sr  during  the  Miocene,  some 
of  which  correlate  with  third-order  sequence  boundaries, 
these  shifts  do  not  appear  to  have  been  supported  by 
more  recent  data.  Nevertheless,  the  increasing  abundance 
of  Paleozoic  data  that  appear  to  define  such  cycles  re¬ 
quires  that  the  existence  of  shifts  be  seriously  considered. 
If  these  cycles  are  real,  they  must  record  the  occurrence  of 
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very  rapid  shifts  in  Sr  flux,  or  the  87Sr/86Sr  ratio  of  con¬ 
tributing  source  areas,  and/or  Sr  residence  and  mixing 
times  very  different  from  those  observed  today.  This  in¬ 
consistency  seems  to  indicate  that  Paleozoic  oceans  may 
have  been  different  from  modem  oceans  in  terms  of 
strontium  chemistry. 

The  apparent  association  between  third-order  depo- 
sitional  sequences  and  cyclic  fluctuations  in  87Sr/86Sr  sug¬ 
gests  a  cause-and-effect  relationship  between  changes  in 
sea-level  and  seawater  strontium  chemistry.  Third-order 
sea-level  falls  can  result  from  tectono-eustatic  or  glacio- 
eustatic  mechanisms  (Vail  et  al.,  1977;  Bally,  1980; 
Cloetingh,  1988).  Either  mechanism  can  result  in  in¬ 
creased  flux  of  continental  siliciclastics  to  marine  basins. 
There  seems  to  be  good  evidence  that  the  episode  of  con¬ 
tinental  glaciation  that  reached  its  peak  in  the  Late  Or¬ 
dovician  continued  into  the  Early  Silurian  (McKerrow, 
1979;  Grahan  and  Caputo,  1992).  The  well-expressed 
cycles  of  sea-level  and  87Sr/86Sr  in  the  Llandovery  and  the 
Wenlock  may  thus  be  directly  related  to  glacially  induced 
sea-level  fluctuations.  It  is  interesting  to  note  that  higher- 
frequency  87Sr/86Sr  cycles  documented  by  Cummins  and 
Elderfield  (1994)  are  also  from  a  period  of  glaciation.  Sil¬ 
urian  glacial  activity  is  thought  to  have  abated  by  the 
Ludlow,  which  may  explain  the  more  equivocal  record  of 
sea-level  fluctuations  and  changes  in  87Sr/86Sr  for  this 
part  of  the  Silurian. 

The  absence  of  a  perfect  agreement  between  87Sr/ 
86Sr  cycles  and  interpreted  eustatic  cycles  (Figure  4)  may 
be  explained  in  several  ways.  First,  sea-level-rise  events 
are  interpreted  from  sedimentary  successions  in  several 
basins  around  the  world.  Because  of  the  differing  geom¬ 
etries  of  these  basins,  transgressions  may  occur  at  differ¬ 
ent  times  in  different  areas.  In  addition,  definition  of  the 
actual  sequence  boundary  can  be  equivocal.  It  is  not  al¬ 
ways  obvious  which  sediments  were  deposited  during 
transgression  and  which  were  formed  during  the  preced¬ 
ing  highstand.  Secondly,  establishing  precise  position 
within  single  conodont  zones  can  be  difficult.  This  is 
principally  the  result  of  variable  preservation  and  recov¬ 
ery  of  fossils  at  different  localities,  but  can  also  be  due  to 
variations  in  faunal  assemblages  caused  by  local  paleo- 
ecological  conditions.  It  should  be  noted  in  Figure  4  that 
all  of  the  "mismatches"  between  87Sr/86Sr  and  eustatic 
cycles  are  still  within  a  single  conodont  zone.  Finally,  if 
seawater  87Sr/86Sr  values  exhibited  interbasinal  variations 
during  the  Silurian,  a  situation  not  borne  out  by  studies 
of  modem  oceans  but  one  that  cannot  be  ruled  out  for 
ancient  oceans,  discrepancies  between  the  onset  of 
sea-level  rise  and  increases  in  87Sr/86Sr  may  be  due  to  lo¬ 
cal  variations  in  the  timing  of  the  influx  of  radiogenic 
strontium  in  individual  basins.  It  should  also  be  stated 
here  that  despite  our  careful  analysis  and  collection  of 


data  that  suggest  the  opposite  conclusion,  diagenesis  can¬ 
not  be  totally  ruled  out  as  a  contributing  factor  to  the 
observed  variations.  In  fact,  observations  of  more  radio¬ 
genic  strontium  at  the  tops  of  depositional  sequences 
might  be  the  expected  result  of  diagenesis  associated 
with  sea-level  fall.  However,  based  on  the  data  we  have 
presented,  we  maintain  that  the  increases  in  87Sr/86Sr  at 
sequence  tops  are  not  the  result  of  such  diagenesis. 

As  is  clear  from  the  above  discussion,  the  recogni¬ 
tion  of  higher-frequency  oscillations  in  87Sr/86Sr  raises 
significant  questions  about  the  resolution  and  utility  of 
secular  changes  in  global  correlation  of  depositional  and 
diagenetic  sedimentary  events,  and  about  the  very  pro¬ 
cesses  that  control  the  flux  and  distribution  of  strontium 
in  the  ocean  basins.  Although  improvements  in  instru¬ 
mentation,  technique,  and  sample  selection  have  resulted 
in  highly  accurate  measurements  of  87Sr/86Sr  in  sedi¬ 
mentary  successions,  many  issues  remain  to  be  resolved 
before  the  true  potential  of  this  tool  for  improved  correla¬ 
tions  of  these  successions  can  be  established.  Especially 
needed  to  resolve  these  issues  are  detailed  studies  that 
interrelate  87Sr/86Sr  values  to  sequence  stratigraphy.  Key 
to  any  study,  whether  based  on  conodonts  or  other  care¬ 
fully  prepared  sample  materials,  is  a  rigorously  defined 
biostratigraphic  base  for  correlation  and  comparison  of 
data. 

Conclusions 


Dased  on  laboratory  experiments  and  comparison  with 
other  data  sets,  we  conclude  that  conodont  elements  can 
preserve  an  excellent  record  of  the  strontium  isotope 
composition  of  the  world's  oceans.  Leaching  may  be  nec¬ 
essary  to  remove  radiogenic  strontium  from  outer 
element  layers,  but  when  properly  prepared,  conodont 
elements  can  form  the  basis  for  substantial  improvements 
in  the  quality  and  resolution  of  seawater  87Sr/86Sr 
changes  during  the  Paleozoic. 

The  evolution  of  seawater  during  the  Silurian  was 
characterized  by  higher-frequency  (approximately  2  Ma) 
oscillations  in  87Sr/86Sr  chemistry.  Although  knowledge 
of  the  sea-level  history  of  the  Silurian  is  still  evolving, 
there  is  now  good  evidence  that  many  of  these  oscilla¬ 
tions  correlate  with  eustatic  cyclicity.  Such  a  correlation 
requires  a  substantial  reassessment  of  the  controls  on 
changes  in  the  strontium  isotope  chemistry  of  the  Paleo¬ 
zoic  oceans. 

Improvements  in  instrumentation  and  technique 
have  greatly  improved  the  precision  and  accuracy  of  de¬ 
fining  seawater  87Sr/86Sr  in  sedimentary  successions. 
However,  evaluation  of  the  full  potential  and  limitations 
of  87Sr/86Sr  chemostratigraphy  for  the  correlation  of 
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depositional  and  diagenetic  events  must  await  further 
high-resolution  studies  of  secular  variation  in  87Sr/86Sr 
and  of  the  mechanisms  of  strontium  flux  into  the  world 
oceans.  These  studies  must  be  interrelated  by  correlations 
based  on  sophisticated  biotic  zonations  such  as  those  that 
are  based  on  conodonts. 
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ABSTRACT — 1,200  whole-rock  samples  zvere  analyzed  from 
eight  cores  located  along  a  shallow-deep  shelf  transect  that  ex¬ 
tends  from  the  Hirnantian  (Upper  Ordovician)  through  the  top 
of  the  Pridoli.  The  most  important  positive  #3C  excursions  are 
in  the  Hirnantian  (+4.1-+6.0%o),  lower  Aeronian  (Llan¬ 
dovery)  (+3.0-+5.2%o),  middle  Homerian  (Wenlock)  (+2.1- 
+4.6%o),  and  middle  Ludfordian  (Ludlow)  (+4.2-+5.9%o).  The 
last  three  excursions  coincide  with  those  established  on 
Gotland;  the  lozuer  Wenlock  and  upper  Ludlow  excursions  cor¬ 
relate  with  events  in  Australia.  The  East  Baltic  data  support 
conclusions  from  Gotland  that  deeper-zuater  facies  show  lozuer 
ol3C  values.  The  most  positive  excursions  occur  after  important 
extinctions  during  a  lozu-diversity  interval,  which  may  coin¬ 
cide  with  a  phase  of  enhanced  bioproduction.  During  the  Early 
Silurian,  glaciations  and  glacio-eustatic  changes  seem  to  play  a 
significant  role,  but  there  is  no  full  agreement  in  the  sea-level 
curve  and  carbon  isotope  excursions. 


Introduction 


Cyclicity  seems  to  be  one  of  the  most  common  patterns 
of  the  changing  environment.  Quite  different  features  (bi¬ 
otic,  climatic,  magmatic,  oceanic,  sedimentological,  tec¬ 
tonic,  etc.)  can  be  cyclic.  In  some  cases,  a  cosmic  influence 
has  been  suggested  (e.g.,  Milankovich  cycles;  see  Jep- 
psson,  1990),  among  other  forcing  mechanisms. 

Carbon  cycling  is  one  feature  of  environmental 
cyclicity.  The  essence  of  the  cycling  in  the  ocean  is  photo¬ 
synthetic  reduction  of  bicarbonate  carbon  to  organic 
carbon.  Organic  carbon  will  mainly  be  oxidized  and  re¬ 
turned  to  the  photic  zone  through  the  so-called  "biologi¬ 
cal  pump"  (Kump,  1991;  Holser  et  al,  1995),  but  will  be 
partly  buried  in  sediments.  Under  specific  conditions 
(anoxic  bottom  waters,  rapid  sedimentation,  high  bio¬ 
logical  productivity),  this  process  may  result  in  enhanced 
removal  of  light  organic  carbon  from  surface  waters,  and 
will  consequently  cause  higher  §13C  values  in  surface  car¬ 
bonates  (recorded  in  fossils  and  sedimentary  rocks).  A 


full  accounting  of  carbon  cycling  also  involves  carbon 
influx  from  land  (rivers)  and  interaction  with  the  atmo¬ 
sphere.  Our  interest  was  in  establishing  the  main  shifts  in 
the  carbon  isotope  ratio  of  Silurian  sedimentary  rocks 
and  to  discover  possible  relationships  with  different  envi¬ 
ronmental  processes  and  events. 

Silurian  carbon  isotope  studies  are  leading  to  im¬ 
portant  results.  Earlier  results  were  summarized  by 
Holser  et  al.  (1995),  but  additional  data  have  been  re¬ 
corded  (Andrew  et  al.,  1994;  Wenzel,  1994;  Heath  et  al., 
1996;  Samtleben  et  al.,  1996,  Wenzel  and  Joachimski, 
1996),  especially  for  the  Baltic  area.  We  commenced  our 
work  in  the  Wenlock  and  Ludlow,  and  now  the  complete 
Silurian  of  Estonia  and  Latvia  has  been  covered  (Kaljo  et 
al.,  1996).  Our  main  objectives  were  to  obtain  better 
interfacies  correlation  between  sections  by  utilizing  car¬ 
bon  isotope  excursions,  and  to  decipher  the  causes  of  en¬ 
vironmental  changes  and  bioevents.  Eight  cores  have 
now  been  investigated  (Figure  1). 

The  methodology  of  this  type  of  isotope  study  has 
been  discussed  elsewhere  (Kaljo  et  al.,  1997),  and  only  the 
most  important  aspects  are  noted  herein.  Carbon  isotopes 
were  measured  in  whole-rock  samples  in  order  to  examine 
facies  which  do  not  contain  the  brachiopod  shells  that 
earlier  provided  carbon  isotope  data.  The  samples  were 
powdered  to  a  <10  pm  grain  size  and  reacted  with  100% 
phosphoric  acid  at  100°  C  for  fifteen  minutes.  The  reproduc¬ 
ibility  of  the  results  is  better  than  0.1%.  A  comparison  of  our 
whole-rock  data  from  the  East  Baltic  with  those  of 
Samtleben  et  al.  (1996)  and  Wenzel  and  Joachimski  (1996) 
from  brachiopod  shells  from  Gotland  shows  a  great  similar¬ 
ity  in  the  carbon  isotope  curves  (Figure  2).  Slight  differences 
in  813C  values  that  occur  in  the  three  sets  of  data  discussed 
below  do  not  detract  from  a  clear  general  pattern. 

1,200  samples  were  analyzed;  the  mean  sampling 
interval  was  2  m,  but  was  greater  in  monotonous 
sequences  and  less  in  chronostratigraphic  boundary  in¬ 
tervals.  Isotope  studies  in  the  Baltic  area  (Samtleben  et  al., 
1996;  Wenzel  and  Joachimski,  1996;  Kaljo  et  al.,  1997) 
have  shown  that  813C  is  little-affected  in  most  Silurian 
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FIGURE  1 — Location  of  cores  studied  in  this  report  and  distribution  of  early  Wenlock  (Sheinwoodian) 
rocks  and  facies  belts  across  the  Baltic  region  during  the  Monograptus  riccartonensis  Chron  (after  Bassett 
et  al.,  1989).  Key:  1,  skeletal  grainstones  with  reefs;  2,  skeletal  pack-  and  wackestones;  3,  marlstones;  4, 
green  mudstones;  5,  grey  mudstones,  sometimes  silty;  6,  borehole;  7,  eroded  margin  of  Sheinwoodian;  8, 
paleoshoreline;  9,  facies  boundaries.  Numbers  on  the  map  mark  facies  belts:  2,  nearshore  high-energy 
shoals;  3,  shallow  mid-shelf;  4,  deeper  outer-shelf;  5,  deep-shelf  depression. 


sedimentary  rocks  by  diagenetic  processes.  Veins,  faults, 
and  weathered  rocks  may  have  altered  813C  ratios. 
Oxygen  isotopes  are  not  discussed  herein  because  the 
whole-rock  samples  we  examined  usually  contain  both 
calcite  and  dolomite  with  notably  different  fractionation 
factors  (Kaljo  et  al.,  1997). 

The  main  components,  and  some  minor  and  trace  el¬ 
ements  in  the  rocks  (MgO,  A1203,  Si02,  K20,  CaO,  Fe203,  S, 
Cl,  Mn,  Sr),  were  measured  by  X-ray  fluorescence  analysis 
(XRF).  Siliciclastic  material,  calcite,  and  dolomite  concen¬ 
trations  were  recalculated  from  these  data  (Figures  3-6). 

The  samples  were  all  taken  from  cores,  which  made 


it  easy  to  establish  a  sample  succession  and  to  correlate 
them  in  terms  of  the  local  biostratigraphy  and  litho- 
stratigraphy.  On  the  other  hand,  exact  correlations  in 
terms  of  the  graptolite  zonation,  which  was  our  basis  for 
comparing  data  from  different  areas,  was  often  rather 
complicated.  Ffowever,  occurrences  of  graptolites  (Kaljo, 


FIGURE  2 — (opposite)  Baltic  stratigraphy  and  correlation.  Graptolite 
zones  after  Koren'  et  al.  (1996),  but  simplified  in  Telychian  and 
Homerian.  Other  sources  noted  in  text.  Abbreviations:  B,  beds;  U, 
Uduvere  Beds;  H,  Himmiste  Beds;  S,  Sauvere  Beds.  Vertical  ruling 
shows  gaps. 
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FIGURE  3 — Lithology  and  813C  curve  of  the  Ruhnu  core.  Stratigraphy  in  Figure  2.  Gap  and  condensation  interval  in  upper  Aeronian  (Saarde  and 
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TER,  terrigenous  material;  CAL,  calcite;  DOL,  dolomite.  Horizontal  bars  in  the  TER-CAL-DOL  column  mark  geochemical  samples.  Carbon 
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1970;  R.Z.  Ulst  in  Gailite  et  al.,  1987),  chitinozoans 
(Nestor,  1994),  and  microvertebrates  (Marss,  1986)  al¬ 
lowed  us  to  achieve  reliable  results. 

Geological  Setting 


The  locations  of  the  eight  cores  studied  for  carbon  iso¬ 
topes  are  shown  in  Figure  1.  This  figure  shows  the  early 
Wenlock  facies  distribution  in  the  Baltic  Sea  region.  In  gen¬ 
eral,  the  cores  are  located  along  a  line  from  the  north 
(Kirikukiila)  to  the  south  (Priekule)  and  coincide  with  a 
transition  from  shallow-  to  deep-shelf  facies  (for  a  more 
comprehensive  summary,  see  Bassett  et  al.,  1989).  The 
early  Wenlock  reconstruction  of  Figure  1  is  for  a  period  of 
sea-level  highstand,  and  therefore  the  relatively  deep-wa¬ 
ter  outer-shelf  facies  belt  (number  4  in  Figure  1)  also  occu¬ 
pies  the  northern  area  (Kirikukiila,  Viki,  and  Taagepera  ar¬ 
eas).  Earlier  in  the  Rhuddanian  and  Aeronian,  this  region 
had  nearshore  and  shallow-shelf  facies.  Due  to  a  general 
shoaling  of  the  Baltic  Basin  beginning  in  the  middle 
Wenlock,  the  shallow-shelf  belt  moved  south  in  a  stepwise 
manner.  As  a  result,  the  Ohesaare  area  in  the  late  Wenlock 
and  the  Ventspils  area  in  the  Pridoli  were  covered  by  a 
shallow  sea.  Deep-water  Ludlow  sediments  with  grapto- 
lites  are  present  in  the  Pavilosta  and  Priekule  regions.  Gen¬ 
eral  information  on  lithologies  of  the  cores  is  shown  in  Fig¬ 
ures  3-6.  In  the  nearshore  high-energy  belt  (number  2  in 
Figure  1),  there  are  carbonate  rocks  (predominantly 
grainstones),  often  with  organic  buildups.  In  the  shallow 
shelf  or  mid-shelf,  different  limestones  (wackestones  with 
grain-  and  packstone  beds)  that  are  locally  nodular  or  in¬ 
tercalated  with  marlstones  are  present.  Seawards  on  the 
deeper  outer  shelf  and  especially  in  the  shelf  depression 
(numbers  4  and  5  in  Figure  1,  respectively),  the  carbonate 
content  of  rocks  decreases,  and  siliciclastics  (clay  and  fine 
silt  in  some  levels)  increase.  As  a  result,  marlstones  and 
mudstones  dominate  the  outer  shelf,  but  the  basinal  areas 
are  characterized  by  mudstones  and  argillites  (i.e.,  shales 
and  claystones,  sometimes  dark  or  even  black)  with  grap- 
tolites,  pyrite,  and  high  Corg  content  that  indicate  relatively 
deep-water,  oxygen-deficient  depositional  conditions. 

East  Baltic  stratigraphy  is  divisible  into  1)  regional 
stages,  which  are  chronostratigraphic  units  with  isochro¬ 
nous  boundaries;  and  2)  formations  and  members,  which 
are  lithostratigraphic  units,  often  with  diachronous 
boundaries,  usually  restricted  to  specific  facies  areas 
(confacies  belts).  Figure  2  shows  the  stratigraphic  termi¬ 
nology  employed  for  the  subdivision  of  sequences  and 
the  dating  of  events  (see  Kaljo,  1987;  Nestor,  1993). 

To  facilitate  the  comparison  of  East  Baltic  and 
Gotland  data,  a  column  on  the  latter  sequence,  based 
mainly  on  the  correlations  of  Jeppsson  et  al.  (1994)  and 


others  (Bassett  et  al.,  1989;  Kaljo,  1990;  Nestor,  1994),  is 
included  in  Figure  2.  Despite  a  different  stratigraphic  no¬ 
menclature,  both  areas  have  a  very  similar  geological  his¬ 
tory,  especially  in  basin  evolution,  which  is  seen  in  the 
East  Baltic  in  numerous  cores  that  penetrate  the  Silurian. 

Carbon  Isotope  Excursions 


Carbon  isotopes  were  studied  in  eight  East  Baltic  cores 
that  represent  different  facies  (for  locations,  see  Figure  1). 
Due  to  geological  history,  the  sections  are  more  or  less  in¬ 
complete,  but  the  whole  set  of  sections  has  been  corre¬ 
lated  biostratigraphically.  This  permits  a  tracing  of  every 
513C  excursion  that  has  been  established  between  at  least 
three  sections.  Comments  on  the  sections  are  included  in 
the  explanations  of  the  corresponding  figures.  A  few  ad¬ 
ditional  remarks  are  made  on  the  sections  not  figured, 
but  which  were  used  in  this  analysis. 

The  following  intervals  were  studied:  At  Kiri- 
kukiila,  the  Himantian-lower  Wenlock  (beginning  of  the 
Jaani  Stage),  with  a  gap  in  the  Aeronian  (the  upper 
Raikkiila  Stage,  equivalent  to  the  Monograptus  argenteus 
and  Demirastrites  convolutus  Zones,  is  missing).  At 
Taagepera,  the  Himantian-middle  Aeronian  (through  the 
middle  of  the  Saarde  Formation).  At  Viki,  the  Aeronian- 
Homerian  (Aeronian  Saarde  and  Rumba  Formations  are 
missing  in  part  or  somewhat  condensed).  At  Pavilosta, 
the  Sheinwoodian-Ludfordian.  This  latter  section  re¬ 
ceived  a  preliminary  study  for  more  data  on  a  strong 
positive  813C  peak  in  the  Ludlow.  Combined  micro- 
palaeontological  and  geological  data  place  this  excursion 
in  the  Bohemograptus  bohemicus  tenuis-Neocucullograptus 
kozlowskii  Generalized  Graptolite  Zone,  and  we  accept 
that  there  is  only  one  positive  peak  in  the  Ludlow. 

Carbon  isotope  values  measured  in  these  cores  are 
relatively  easily  correctable  if  differences  in  thicknesses 
of  the  stratigraphic  units  and  the  gaps  in  the  sequences 
are  taken  into  account.  Precise  biostratigraphic  correla¬ 
tion  is  always  required,  but  sometimes  its  resolution  ap¬ 
pears  to  be  insufficient  for  exact  comparisons. 

Despite  these  limitations,  similar  carbon  isotope 
curves  occur  across  the  Baltic  Silurian,  and  are  well  de¬ 
veloped  in  all  of  the  sections  (Figures  3-6)  and  in  other 
available  data  sets  (Corfield  et  al.,  1992;  Jux  and  Steuber, 
1992;  Heath  et  al.,  1996;  Samtleben  et  al.,  1996;  Wenzel 
and  Joachimski,  1996).  The  most  important  positive  and 
negative  d13C  excursions  in  these  curves  are  summarized 
below  (see  Figures  3-7). 

The  Hirnantian  (latest  Ordovician)  is  a  starting 
point  for  comparing  the  Silurian  history  of  carbon  cy¬ 
cling.  In  the  Hirnantian,  813C  values  reach  +4.1  %o  at 
Taagepera,  +4.8  %o  at  Kirikukiila,  and  +6.0 %o  at  Ruhnu 
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FIGURE  4— Lithology  and  513C  curve  of  Ohesaare  core.  Several  significant  gaps  interrupt  the  sequence  (see  Figure  2),  especially  in  Homerian  and 
Ludlow.  Highest  part  of  the  section  (Ohesaare  Stage)  is  missing  in  the  Ohesaare  core,  which  is  located  near  the  stratotype  locality.  Eleven  samples 
from  the  stratotype  were  measured  and  added  to  the  core  data  (Figure  7).  Explanation  in  Figure  3.  Additional  abbreviations:  LN,  Llandovery. 
Stages:  AD,  Adavere;  RT,  Rootsikiila;  PD,  Paadla;  KR,  Kuressaare. 
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FIGURE  5 — Lithology  and  §13C  curve  of  Ventspils  core.  Rhuddanian  and  Aeronian  are  condensed  by  comparison  with  more  carbonate-rich 
sections.  Additional  sampling  at  Ventspils  is  needed.  Four  records  of  very  negative  513C  values  not  confirmed  by  adjacent  samples  were  excluded 
from  this  curve;  these  records  are  at  (depth,  13C  value  in  %o):  682.7  m,  -9.5;  701.1  m,  -5.2;  728.1  m,  -9.0;  733.9  m,  -10.9.  These  negative  deviations  are 
not  yet  understood.  Explanation  in  Figure  3.  Additional  abbreviations:  SIE,  Siesartis  Formation;  VENT,  Ventspils  Formation. 
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(Figure  3).  This  isotope  event  was  discussed  by  Brenchley 
et  al.  (1994,  1995). 

A  sudden  fall  of  the  curve  followed  in  the  lower¬ 
most  Raikkiila  Stage  (i.e.,  lowest  Coronograptus  cyphus 
Zone)  with  a  813C  of  -1.4%o  at  Ruhnu  (Figure  3). 

A  positive  excursion  with  a  peak  in  the  Demirastrites 
triangulatus-D.  pectinatus  Zone  follows  in  the  middle  of 
the  Saarde  Formation.  The  S13C  values  in  the  Taagepera 
and  Ruhnu  cores  (Figure  3)  reach  +3.0 %o  and  +3.9  %o, 
respectively. 

Due  to  gaps  in  the  cores  of  different  duration  higher 
in  the  Aeronian  (see  above),  the  carbon  curve  is  not  dis¬ 
tinctly  defined.  However,  data  from  Kirikuktila  and 
Ventspils  (Figure  5)  show  a  -1.3%o  to  -1.4%o  negative  ex¬ 
cursion  of  the  813C  values,  respectively,  in  the  Rumba  and 
uppermost  Dobele  Formations  in  the  Monograptus 
sedgzvickii  Zone. 

In  the  Telychian,  813C  values  rise  slowly  to  a  broad 
positive  excursion  in  the  lower  Sheinwoodian  and  a  peak 
in  the  Monograptus  riccartonensis-M.  belophorus  Zone  (i.e., 
the  Jaani  Stage  and  the  lower  part  of  the  Riga  Formation). 
This  813C  peak  is  established  in  the  Viki  (+5.2%o),  Ruhnu 
(+4.6%o),  Ohesaare  (+4.2%o),  Ventspils  (+3.8%o),  Pavilosta 
(+3.3 %o),  and  Priekule  (+3.1%o)  cores.  This  trend  to 
lighter  813C  values  (Figure  1)  coincides  with  the  currently 
accepted  seaward-deepening  of  the  East  Baltic  basin 
(Bassett  et  al.,  1989),  accompanied  by  a  decreasing  car¬ 
bonate  content  of  the  rocks. 

The  peak  in  the  M.  riccartonensis-  M.  belophorus  Zone 
was  followed  by  a  13C  depletion  that  culminated  in  the 
lower  Homerian  Cyrtograptus  lundgreni  Zone,  just  below 
the  next  positive  excursion  in  the  Pristiograptus  parvus- 
Gothograptus  nassa  Zone  (lower  Rootsikiila  Stage).  The 
latter  peak  is  rather  strong  in  the  Ohesaare  core  (+4.6  %o), 
and  is  followed  by  a  rapid  decrease  in  813C  values  to 
-3.8  %o  in  the  middle  Rootsikiila  Stage  (i.e.,  Monograptus 
praedeubeli-M.  ludensis  Zone).  Although  813C  values  rise 
slightly,  they  remain  negative  at  the  very  beginning  of  the 
Ludlow  (Soeginina  Beds,  i.e.,  lowest  part  of  the  Neo- 
diversograptus  nilssoni  Zone).  The  P.  parvus-G.  nassa  Zone 
positive  peak  is  not  so  clearly  defined  in  other  East  Baltic 
sections,  but  can  still  be  identified  by  much  lower  813C 
values  at  Ventspils  (+2.4%o)  and  Priekule  (+2.1%o).  The 
negative  Homerian  shift  is  less  pronounced  in  the  latter 
two  sections,  but  is  well  established  by  Corfield  et  al. 
(1992)  in  the  Anglo-Welsh  area. 


FIGURE  6 — (opposite)  Lithology  and  S13C  curve  of  Priekule  core.  The 
Nova  Beds  (Figure  2)  are  diachronous,  and  correlation  of  the  related 
carbon  isotope  excursions  is  complicated  (see  Kaljo  et  al.,  1997)  and 
ambiguous.  Explanations  in  Figure  3.  Additional  abbreviation:  N,  Nova 
Beds. 


In  the  Ludlow  and  Pridoli,  the  carbon  isotope  curve 
fluctuates  within  the  +/-  l%o  limits,  the  only  exception 
being  a  strong  positive  excursion  in  the  Nova  Beds  of  the 
Dubysa  Formation  at  Priekule  (+5.9%o.  Figure  6)  and  in 
the  Mituva  Formation  at  Pavilosta  (+4.2 %o)  and  Ventspils 
(+5.0%o.  Figure  5).  At  Ohesaare,  the  level  of  this  peak  is 
cut  out  at  a  stratigraphic  gap  (Kaljo  et  al.,  1997). 

Correlation  with  Gotland  Carbon 
Isotope  Curve 

Two  reports  on  stable  isotopes  in  the  Gotland  sequence 
(Wenzel  and  Joachimski,  1996;  Samtleben  et  al.,  1996)  al¬ 
low  a  comparison  with  the  results  in  the  East  Baltic.  The 
Gotland  section  is  much  thinner  (Figure  2),  but  the  most 
interesting  part  with  three  main  positive  peaks  is  well  rep¬ 
resented.  The  general  pattern  of  the  carbon  isotope  curve 
and  inter-regional  correlation  show  that  the  peaks  (lower 
and  upper  Wenlock,  middle  Ludfordian)  are  clearly  coinci¬ 
dent  in  both  areas,  despite  the  fact  that  the  Gotland  data 
are  based  on  brachiopod  shells,  while  we  utilized  whole- 
rock  samples.  However,  a  better  understanding  of  connec¬ 
tions  of  the  carbon  cycling  with  other  environmental 
events  (sea-level  curves,  oceanic  episodes,  etc.)  requires  a 
more  detailed  correlation  of  the  813C  curves. 

For  this  purpose,  we  correlated  two  generalized 
curves  with  the  standard  graptolite  zonation  (Figure  7). 
The  curves  were  compiled  by  the  following  procedure:  1) 
the  East  Baltic  and  Gotland  sequences  were  correlated 
with  each  other  and  with  the  standard  biostratigraphic 
zonation  (sources  mentioned  above),  and  intervals  of  the 
generalized  graptolite  zones  were  indentified  in  terms  of 
the  local  stratigraphy;  2)  mean  values  of  813C  for  every 
graptolite  zone  were  calculated  for  the  East  Baltic  (data 
from  the  Kirikukiila,  Ruhnu,  Ohesaare,  and  Ventspils 
cores  and  Ohesaare  cliff  section  were  used)  and  Gotland 
(data  from  Samtleben  et  al,  1996,  and  Wenzel  and 
Joachimski,  1996);  and  (3)  mean  carbon  isotope  values 
and  other  environmental  data  in  each  zone  were  plotted 
against  the  graptolite  zonation  to  produce  a  generalized 
carbon  isotope  curve  (Figure  7). 

The  overall  result  of  this  procedure  would  be  most 
influenced  by  problems  in  the  correlation  of  graptolite 
and  shelly  sequences.  However,  we  are  optimistic  be¬ 
cause  there  are  many  detailed  biostratigraphical  studies 
published  on  the  East  Baltic  and  Gotland  Silurian  and 
because  a  few  incorrectly  dated  samples  do  not  usually 
strongly  influence  the  mean  carbon  values  (on  the  other 
hand,  the  narrow  high  peaks  in  Figures  3-5  are  consider¬ 
ably  lower  in  Figure  7).  Thus,  two  doubtful  correlations 
deserve  to  be  commented  upon. 
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Despite  the  generally  uniform  trends  of  the  East 
Baltic  and  Gotland  carbon  isotope  curves  (Figure  7),  there 
is  a  clear  discrepancy  at  the  very  end  of  the  Homerian, 
where  the  East  Baltic  curve  shows  a  rapid  813C  decrease. 
However,  the  Gotland  curve  stays  high  and  decreases 
only  in  the  Gorstian.  In  addition  to  possible  real  differ¬ 
ences  between  the  curves,  gaps  in  the  sections,  insuffi¬ 
cient  sampling,  and  problems  of  correlation  should  be 
considered. 

Another  source  of  doubt  is  related  to  the  middle 
Ludfordian  peak  that  is  correlated  (Figure  7)  into  the 
Bohemograptus  bohemicus  tenuis-Neocucidlograptiis  kozlozuskii 
Zone.  This  follows  the  correlation  of  Figure  2  and  is  also  the 
one  suggested  by  Jeppsson  et  al.  (1994).  According  to  the 
global  sea-level  curve  (Figure  7),  the  middle  Ludfordian 
peak  coincides  with  an  interval  of  eustatic  rise.  Bearing  in 
mind  a  hiatus  at  this  level  in  Estonia  (Figure  2,  note  that  the 
uppermost  Paadla  Stage  is  missing  above  the  Torgu  Forma¬ 
tion),  the  Baltic  facies  interpretation  conflicts  with  the  global 
curve  (Johnson  et  al.,  1991).  Inaccuracy  in  age  determination 
might  be  involved  in  both  the  Baltic  and  global  curves.  On 
the  other  hand,  there  are  many  known  examples  of  different 
sea-level  records  on  various  parts  of  continents  and  even  in 
small  parts  of  sedimentary  basins.  For  example,  the  Aeron- 
ian  in  southern  Scandinavia  and  western  Latvia  is  largely 
represented  by  black  graptolitic  shales  with  a  high  Corg  and  a 
pyrite  content  that  is  typical  of  anoxic  deep-water  condi¬ 
tions.  During  the  Demirastrites  convolutus  Chron  and  the 
Monograptus  sedgzuickii  Chron  in  Scandinavia,  a  belt  of  black 
shales  advanced  toward  the  shore.  However,  in  the  Estonian 
part  of  the  basin,  there  is  a  major  gap  that  is  also  present  in 
East  Baltic  sections  (e.g.,  Kirikukula  and  Ruhnu;  Figure  2).  A 
local  sea-level  curve  describes  the  facies  evolution  of  the 
area  much  better,  but  it  contradicts  the  global  character  of 
the  carbon  isotope  curve. 


FIGURE  7 — (opposite)  Correlation  of  East  Baltic  and  Gotland  carbon 
isotope  curves  and  environmental  and  biotic  events.  Stratigraphy  as  in 
Figure  2.  Dates  mainly  from  Tucker  and  McKerrow  (1995,  see  text).  East 
Baltic  (black  squares)  and  Gotland  (open  squares)  813C  curves  explained 
in  text.  Vertical  bars  mark  enhanced  oxygenation  of  bottom  waters 
(Kemp,  1991;  Koren',  1987;  Wenzel  and  Joachimski,  1996).  Eustatic 
curve  slightly  modified  from  Johnson  et  al.  (1991).  Oceanic  primo  (P) 
and  secundo  (S)  episodes  and  events  (E)  after  Aldridge  et  al.  (1993), 
Jeppsson  (1993),  and  Jeppsson  et  al.  (1995).  Events:  Ej,  Sandvika;  E2, 
Ireviken;  E3,  Boge;  E4,  Valleviken;  E5,  Mulde;  E6,  Linde;  E7,  Lau;  E8, 
middle  Pridoli.  Due  to  space  limitations,  a  P-E-S  cycle  between  E,  and 
E3  is  not  shown.  Black  rhombs  are  glaciations:  1,  Hirnantian  (Brenchley 
et  al.,  1994, 1995;  Grahn  and  Caputo,  1992);  2-4  are  Brazilian  glaciations 
(Grahn  and  Caputo,  1992).  Dating  of  No.  3  is  problematic.  White  rhomb 
is  possible  glaciation  (No.  5)  after  Johnson  and  McKerrow  (1991). 
Arrows  with  letters  show  stratigraphic  position  of  Silurian  bioevents 
from  Kaljo  et  al.  (1995),  Ex  bioevent  in  latest  Ordovician  (Nestor  et  al., 
1991)  includes  two  phases  in  Pirgu  (pre-Hirnantian)  and  Porkuni 
(Hirnantian)  Stages. 


In  conclusion,  the  general  pattern  of  the  carbon  iso¬ 
tope  curve  seems  well  established  in  the  Baltic  Silurian, 
and  it  might  be  used  for  correlation  purposes  and  inter¬ 
pretation  of  different  environmental  processes.  Many 
details,  however,  need  to  be  studied  more  thoroughly. 

Environmental  and  Biotic 
Cyclicity  and  Carbon  Isotopes 

Figure  7  relates  the  carbon  isotope  and  global  sea-level 
curves,  oceanic  episodes,  glaciations,  biotic  events,  and 
phases  of  enhanced  oxygenation  in  the  ocean.  The  first 
impression  from  this  figure  is  that  the  coincidence  of 
these  phenomena  may  not  be  accidental.  We  consider  the 
coincidence  persuasive  if  the  events  that  are  compared 
always  occur  within  a  zone.  In  Figure  7,  813C  data  are 
plotted  in  the  middle  of  a  zone  and  bioevents  at  the  top, 
but  it  is  usually  unrealistic  to  date  a  glaciation  or  a  sea- 
level  change  more  precisely.  All  more  or  less  proven  gla¬ 
ciations  (numbers  1  -4  and  the  presumed  glaciation  5  in 
Figure  7)  coincide  with  positive  excursions  of  the  carbon 
isotope  curve.  In  the  early  Aeronian  and  late  Homerian, 
the  coincidence  is  good.  In  the  early  Telychian,  there  is  a 
clear  rise  of  the  curve,  but  the  time  of  glaciation  is  not 
firmly  defined  beyond  being  "early  Telychian  or  possibly 
still  in  the  latest  Aeronian"  (Grahn  and  Caputo,  1992,  p. 
13).  A  glaciation  in  the  latest  Telychian-earliest  Wenlock 
seems  to  occur  before  the  highest  peak  of  the  excursion, 
clearly  at  the  beginning  of  the  positive  shift.  From  this 
correlation,  we  conclude  that  heavy  carbon  isotope 
values  are  causally  tied  to  the  cooling  of  the  climate  and 
glaciation  in  the  high-latitude  regions. 

Positive  813C  peaks  are  usually  coincident  with  sea- 
level  lowstands  (Brenchley  et  al.,  1994;  Wenzel  and 
Joachimski,  1996),  and  some  authors  also  point  out  a  con¬ 
nection  with  times  of  reef  growth  and  carbonate  platform 
expansion  (Samtleben  et  al.,  1996).  Although  these  gen¬ 
eral  tendencies  are  supported  by  our  data,  detailed  corre¬ 
lations  are  more  ambiguous.  In  the  early  Aeronian  and 
late  Homerian,  the  suggested  pattern  is  followed  more  or 
less  well.  In  the  early  Sheinwoodian,  the  positive  shift  of 
813C  values  began  during  a  sea-level  lowstand,  but  the 
peak  followed  during  the  next  highstand.  The  same  sce¬ 
nario  is  valid  in  the  middle  Ludfordian. 

In  the  Early  Silurian,  glacial  events  may  be  the 
causes  of  sea-level  lowering.  Sea-level  lowstands,  par¬ 
ticularly  if  coincident  with  a  glaciation,  are  believed  to  be 
times  of  more  vigorous  circulation  and  thus  enhanced 
oxygenation  of  ocean-bottom  waters.  This  could  explain 
the  correlation  of  the  so-called  oxic  events  with  sea-level 
lowstands  (Figure  7). 
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Bioproduction  has  been  accepted  as  an  important 
factor  in  carbon  fractionation.  High  primary  productivity 
removes  light  carbon  from  ocean  water  and  causes  high 
813C  values.  Unfortunately,  we  do  not  know  much  about 
rates  of  Silurian  productivity,  and  the  corresponding  esti¬ 
mates  are  more  or  less  hypothetical.  We  can  measure 
diversity  changes  in  biota  (usually  only  a  small  part  of  it), 
but  diversity  and  productivity  have  only  a  remote 
connection. 

In  spite  of  all  the  limitations  noted  above,  we  tried 
to  understand  the  role  of  biodiversity  changes  in  carbon 
cycling.  For  this  purpose,  the  main  biotic  events  known 
from  a  recent  survey  (Kaljo  et  al.,  1995)  were  plotted  in 
Figure  7.  In  the  comments  below,  most  attention  is  paid  to 
planktic  biota  (particularly  micro-organisms)  that  pro¬ 
duce  most  of  the  modern  biomass.  From  this  correlation, 
we  make  the  following  observations: 

1)  The  early  Aeronian  813C  peak  coincides  with  a 
fourth-order  radiation  and  closely  follows  the  extinction 
event  that,  to  some  degree,  affected  conodonts  and  grap- 
tolites.  The  standing  diversity,  however,  remained  at  a 
relatively  high  level.  The  first  diversity  low  began  in  the 
Demirastrites  convolutus  Zone  (acritarchs),  but  particu¬ 
larly  low  conodont  and  graptolite  diversity  characterizes 
the  Monograptus  sedgwickii  Zone  (Kaljo  et  al.,  1995;  Storch, 
1995). 

2)  The  early  Sheinwoodian  813C  positive  excursion 
began  in  the  time  interval  of  the  Ireviken  Event  (Figure  7, 
E2 ),  a  second-order  bioevent  that  featured  mass  extinc¬ 
tions  of  conodonts  and  acritarchs.  Chitinozoans  and 
graptolites,  which  were  mostly  planktic  organisms,  were 
greatly  affected  (Melchin,  1994;  Kaljo  et  al.,  1995;  Storch, 
1995).  The  peak  of  the  carbon  excursion  was  reached  after 
this  bioevent,  when  many  of  these  groups  of  organisms 
had  low  diversities.  Graptolites,  conodonts,  chitinozoans, 
and  to  some  extent  acritarchs,  were  characterized  by  a 
four-fold  increase  in  the  number  of  taxa  at  the  Wenlock- 
Llandovery  boundary.  It  should  be  mentioned  that  this 
subsequent  low-diversity  interval  featured  a  pelagic 
ecotope  filled  with  masses  of  Monograptus  riccartonensis. 
To  feed  such  a  large  quantity  of  graptolites,  large 
amounts  of  microplankton  were  needed. 

3)  The  middle-late  Homerian  positive  carbon  excur¬ 
sion  coincides  with  the  Mulde  Event  (a  fifth-order 
bioevent  characterized  by  the  appearance  of  several  new 
lineages).  The  Mulde  Event  includes  a  low-diversity  in¬ 
terval  among  planktic  organisms  that  followed  a  major 
extinction  event  at  the  end  of  the  Cyrtograptus  lundgreni 
Zone  (Kaljo  et  al.,  1995;  Koren',  1987). 

4)  The  middle  Ludfordian  813C  peak  was  preceded 
by  a  third-order  bioevent  with  major  extinctions  of  grap¬ 
tolites,  ostracoderms,  acritarchs,  and  conodonts  in  the 


Saetograptus  leintivardinensis  Zone.  It  was  followed  by  or 
coincident  with  a  second-order  bioevent  known  from 
profound  changes  in  vertebrate  communities  and  the  dis¬ 
appearance  of  many  graptolites,  corals,  and  conodonts  in 
the  Bohemograptus  bohemicus  tenuis-Neocucullograptus 
kozloioskii  Zone  (Urbanek,  1993;  Kaljo  et  al.,  1995;  Storch, 
1995).  Owing  to  these  extinctions,  the  latter  zone  is  also  a 
low-diversity  interval  among  planktic  organisms. 

In  summary  (Figure  7),  all  but  the  early  Aeronian 
positive  carbon  isotope  excursions  follow  major  (second- 
or  third-order)  bioevents  and  coincide  with  a  low- 
diversity  period  of  most  planktic  organisms.  The  middle 
Ludfordian  peak  also  partly  coincides  with  a  major 
extinction  event.  The  early  Aeronian  arid  middle 
Homerian  positive  shifts  coincide  with  a  low-order  origi¬ 
nation  event. 

On  the  other  hand,  all  but  one  high-order  (II— III) 
bioevent  (extinction)  are  followed  by  or  partly  coincide 
with  a  major  carbon  positive  excursion.  The  exception  is 
the  middle  Pridolian  bioevent.  Correlation  of  the  main 
positive  excursions  with  some  oceanic  turnovers  or 
events  (Figure  7;  E2,  E5,  E7)  suggested  by  Jeppsson  et  al. 
(1995;  also  Aldridge  et  al.,  1993)  is  reliable.  However,  it 
seems  very  difficult  to  find  counterparts  of  all  other  oce¬ 
anic  events  described  by  Jeppsson  et  al.  (1995),  especially 
in  the  Wenlock. 

Discussion 


In  our  analysis,  major  attention  was  paid  to  four  of  the 
most  pronounced  positive  carbon  isotope  excursions.  Such 
shifts  of  813C  values  might  be  caused  by  different  environ¬ 
mental  and  biotic  factors.  These  factors  often  interact  with 
each  other,  and  sometimes  one  or  several  clearly  dominate. 
Depending  on  the  duration  of  a  carbon  isotope  excursion, 
a  steady-state  or  a  transient  model  (Kump,  1991;  Holser  et 
al.,  1995)  should  be  applied  for  the  interpretation  of  the 
813C  data.  These  two  states  are  of  a  rather  different  length 
(1  Ma  and  100  Ka,  respectively),  which  allows  a  means  to 
classify  the  isotope  events  in  the  Baltic. 

In  Figure  7,  we  used  the  absolute  ages  suggested  by 
Tucker  and  McKerrow  (1995),  except  for  one.  Instead  of 
428  Ma  for  the  base  of  the  Wenlock,  we  show  429  Ma  be¬ 
cause  a  thin  volcanic  ash  in  the  uppermost  graptolite 
zone  in  the  Llandovery  has  an  age  of  430.1  +/-  2.4  Ma 
(Tucker  and  McKerrow,  1995)  and  the  difference  of  2  Ma 
seems  to  be  too  much  for  an  interval  of  less  than  one 
graptolite  zone.  Stage  boundaries  in  the  Llandovery  are 
interpolated  from  the  known  dates. 

Absolute  ages  of  boundaries  vary  little  in  the  dif¬ 
ferent  time  scales.  Therefore,  the  average  duration  of  a 
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graptolite  zone  depends  mostly  on  the  number  of  zones 
distinguished  in  a  higher  chronostratigraphic  unit.  For 
the  Llandovery,  Hughes  (1995)  calculated  an  average  of  1 
Ma  per  zone.  We  used  the  so-called  generalized  grapto¬ 
lite  zones  (Koren'  et  al.,  1996)  for  correlation  with  non- 
graptolitic  sections,  and  our  average  for  the  Telychian  is 
1.3  Ma  per  zone. 

Based  on  this  time  scale,  we  can  estimate  probable 
ages  and  durations  of  the  main  isotope  events: 

1)  The  early  Aeronian  excursion  at  436  Ma,  with  a 
duration  clearly  on  the  order  of  1  Ma. 

2)  The  early  Sheinwoodian  excursion  at  428  Ma, 
with  a  duration  of  more  than  1  Ma. 

3)  The  middle  Homerian  peak  at  424  Ma.  The  posi¬ 
tive  excursion  occurs  between  two  13C  depletion  intervals 
in  the  Cyrtograptus  ludgreni  and  Monograptus  ludensis-M. 
praedeubeli  Zones.  The  actual  duration  of  the  event  might 
be  estimated  as  half  that  of  the  Gothograptus  nassa- 
Pristiograptus  parvus  Zone  (i.e.,  0.5  Ma  or  less,  but  we  do 
not  know  how  much). 

4)  A  middle  Ludfordian  event  at  420  Ma,  with  a  du¬ 
ration  of  the  excursion  of  0. 5-1.0  Ma.  Correlation  uncer¬ 
tainties  do  not  allow  for  a  higher  precision. 

From  the  above  data,  we  conclude  that  three  of  the 
Silurian  isotope  events  are  clearly  of  greater  duration.  For 
these,  a  steady-state  model  should  be  applied.  The 
middle  Homerian  excursion  seems  to  be  the  shortest,  and 
the  transient  model  is  not  excluded.  To  find  confirmation 
for  the  estimates  above,  more  detailed  sampling  and  age 
identification  are  necessary. 

In  addition,  a  strikingly  regular  temporal  pattern 
of  the  events  is  observed.  Beginning  with  the  Hirnantian 
event  (444  Ma),  there  is  an  interval  of  8  Ma  until  the 
early  Aeronian  event,  followed  by  another  interval  of  8 
Ma  until  the  early  Sheinwoodian  event  reaches  a  peak. 
Higher  in  the  Wenlock  and  Ludlow,  the  positive  excur¬ 
sions  occur  every  4  Ma,  a  time  span  twice  as  long  as  that 
in  the  Llandovery.  The  actual  figures  may  be  different, 
but  the  regular  pattern  of  the  carbon  isotope  changes 
seems  obvious,  although  the  cause  of  such  regularity  is 
not  clear. 

If  the  steady-state  model  is  used  in  the  interpreta¬ 
tion  of  the  Baltic  Silurian  813C,  the  dominant  role  of  pho¬ 
tosynthetic  reduction  must  be  modified  by  the  impact  of 
enhanced  burial  of  organic  carbon,  higher  primary  pro¬ 
ductivity,  changed  oceanic  circulation  and  bottom-water 
conditions  and  their  influence  on  the  burial  and  oxida¬ 
tion  rates,  and  overall  bioproduction.  The  effect  of  river¬ 
ine  influx  on  surface  waters  during  the  Silurian  seems  to 
be  less  pronounced  (or  at  least  indistinct)  than  during 
later  geological  periods,  due  to  the  scanty  vegetation  and 
soil  cover  on  the  land. 


Nearly  the  same  set  of  carbon  isotope  excursions 
described  in  this  report  was  analyzed  by  Heath  et  al. 
(1996),  Samtleben  et  al.  (1996),  and  Wenzel  and 
Joachimski  (1996).  A  good  starting  point  for  discussion  is 
the  latest  Ordovician  isotope  event  dealt  with  by 
Brenchley  et  al.  (1994, 1995).  For  comparison,  we  have  in¬ 
cluded  our  Ordovician  data  (Figures  3,  7)  that  show  a 
major  positive  carbon  isotope  shift  (ca.  +4%o  in  the 
Hirnantian  Porkuni  Stage  above  the  pre-event  level),  sub¬ 
stantial  sea-level  fall,  and  two  major  extinctions  before 
and  during  Porkuni  time.  We  have  suggested  the  influ¬ 
ence  of  a  Gondwana  glaciation  (Kaljo  et  al.,  1991;  Nestor 
et  al.,  1991).  These  data  are  in  agreement  with  those  of 
Brenchley  et  al.  (1994, 1995). 

The  effects  noted  by  Brenchley  et  al.  (1994,  1995) 
that  are  of  prime  interest  in  analyzing  the  effects  of  high- 
latitude  glaciation  are:  1)  sinking  of  cool,  well-oxygen¬ 
ated  waters  and  their  replacement  by  warm,  saline-bot¬ 
tom  waters  in  the  lower  latitudes;  2)  growth  of  the  ice  cap 
led  to  glacio-eustatic  fall;  and  3)  an  up-welling  of  nutri¬ 
ent-rich  waters  that  led  to  enhanced  productivity,  espe¬ 
cially  by  planktic  organisms,  as  part  of  a  eutrophication 
of  earlier  oligotrophic  ecosystems  and  consequent  extinc¬ 
tion  of  numerous  biotic  elements  not  prepared  for  such 
changes  of  conditions.  The  latter  idea  was  also  advocated 
by  Loydell  (1994)  in  a  discussion  of  early  Telychian 
changes  in  graptolite  diversity. 

Two  additional  comments  should  be  made.  First,  he 
wide  distribution  of  black  shales  marks  an  enhanced 
burial  of  organic  carbon.  Second,  anoxic  or  dysaerobic 
conditions  in  bottom  waters  needed  for  organic  carbon 
burial  were  usually  confined  to  sea-level  highstands 
(Wilde  et  al.,  1991). 

Using  these  more  or  less  generally  accepted  conclu¬ 
sions,  we  have  tried  to  analyze  the  situation  in  the  Baltic 
Silurian.  The  first  strongly  positive  carbon  isotope  excur¬ 
sion  in  the  early  Aeronian  is  close  to  the  middle  of  the 
Coronograptus  gregarius  Zone  glaciation  event  (number  2, 
in  Figure  7).  This  event  did  not  cause  serious  changes  in 
biota  (although  a  possible  radiation  should  be  noted) 
while  sea-level  was  still  high  or  had  only  began  to  drop. 
The  correlation  of  the  listed  events  is  not  precise,  and 
therefore  this  positive  shift  could  best  be  tied  to  the  wide 
distribution  of  black  shales  and  anoxic  or  dysaerobic  con¬ 
ditions  in  the  Aeronian.  These  developments  do  not  re¬ 
veal  anything  about  the  causes  of  the  positive  shift  in  the 
early  Aeronian.  We  may  only  guess  that  the  glaciation  did 
have  some  influence  on  ocean  circulation  and  biopro¬ 
duction,  but  the  data  are  controversial.  Aldridge  et  al. 
(1993)  regarded  the  early  Aeronian  as  a  time  of  a  warm 
secundo  episode.  This  fits  well  with  high  sea-level  and 
black  shale  distribution.  We  can  see  some  signs  of  glacial 
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influence  (sea-level  lowering  and  change  of  lithology  due 
to  increased  oxygenation)  only  higher  in  the  section,  but 
this  change  is  diachronous  in  different  areas. 

The  early  Sheinwoodian  isotope  event  seems  to  fit 
with  the  glaciation  model  described  above.  This  event  is 
associated  with  sea-level  fall,  changed  oceanic  circulation, 
better  oxygenation  of  the  bottom  waters,  and  severe  ex¬ 
tinctions  in  the  initial  phase  of  the  event.  These  are  fol¬ 
lowed  by  a  low-diversity  interval,  abundance  of  opportu¬ 
nistic  species,  and  increased  planktic  bioproduction  and 
burial  of  Corg(see  also  Kaljo  et  al.,  1997)  in  the  second  phase 
of  the  event.  The  first  phase  coincides  well  with  the 
Ireviken  Event  (Aldridge  et  al.,  1993;  Jeppsson  et  al.,  1995). 

The  middle  Homerian  positive  isotope  excursion 
cannot  be  interpreted  so  clearly.  The  glaciation  (number 
5,  Figure  7)  is  not  proven  by  sedimentary  rocks,  but 
mainly  deduced  from  a  eustatic  lowstand  at  the  end  of 
the  Wenlock  (Johnson  and  McKerrow,  1991).  However, 
we  do  have  eustatic  and  biodiversity  lows,  an  interval 
with  better  oxygenation  of  the  bottom  waters,  and  some 
signs  of  the  abundance  of  a  few  opportunistic  species 
(Kaljo  et  al.,  1997).  On  the  other  hand,  no  black  shale  ac¬ 
cumulation  has  been  recorded,  and  Jeppsson  et  al.  (1995) 
defined  this  interval  as  a  warm  secundo  episode. 

The  last  major  carbon  isotope  event  is  in  the  middle 
Ludfordian  arid  shows  the  highest  513C  values  (see 
above).  This  event  is  associated  with  two  severe  extinc¬ 
tion  events.  It  coincides  with  a  low-diversity  interval  and 
oxic  bottom  waters.  Sea-level  rose  after  a  strong  fall  in  the 
early  Ludfordian.  There  is  no  significant  black  shale  accu¬ 
mulation,  and  Jeppsson's  (1993)  Lau  P-S  Event  (Figure  7, 
E7)  developed  just  prior  to  the  813C  peak. 

The  middle  Homerian  and  middle  Ludfordian  iso¬ 
tope  events  discussed  herein  are  not  related  to  a  known 
glaciation,  and  the  sea-level  curve  has  different  trends  at 
these  event  levels.  However,  the  biotic  changes  are 
clearly  important.  Therefore,  we  propose  that  a  severe 
extinction  was  often  followed  during  the  resultant  low- 
diversity  period  by  a  considerable  increase  in  biopro¬ 
duction  in  planktic  communities.  This  may  have  caused 
differences  in  fractionation  of  carbon  isotopes  between 
surface  and  deep  water  (Samtleben  et  al.,  1996)  and  burial 
of  light  carbon  if  conditions  allowed.  Such  increase  seems 
to  have  two  causes:  changes  in  ocean  circulation  (better 
ventilation  and  nutrient  flow),  and  appearance  of  unoc¬ 
cupied  niches  in  ecotopes. 

The  Baltic  data  corroborate  carbon  isotope  records 
from  Australia  (Andrew  et  al.,  1994).  The  Australian  Sil¬ 
urian  records  three  events  (note  that  parentheses  bracket 
maximum  513C  values  in  %o):  Ireviken  (+3.5),  Pentamerid 
(+13),  and  Silurian-Devonian  boundary  (+8).  The  first 


one  can  be  correlated  well  with  the  Baltic  early  Shein¬ 
woodian  excursion;  the  second  is  not  precisely  dated,  but 
seems  to  be  close  to  our  middle  Ludfordian  peak;  the  last 
one  occurs  in  the  lowermost  Devonian  but  was  not  stud¬ 
ied  by  us.  Andrew  et  al  (1994)  clearly  showed  that  each 
carbon  isotope  excursion  followed  a  biotic  event,  as  is 
primarily  the  case  in  the  Baltic. 

Conclusions 


In  the  East  Baltic  Silurian,  four  main  positive  excursions 
in  carbon  isotopes  are  recorded.  Three  of  these  occur  in 
the  Wenlock  and  Ludlow  and  coincide  with  those  estab¬ 
lished  on  Gotland.  Two  excursions  coincide  with  trends 
in  Australia.  These  seem  to  be  true  global  events. 

The  general  pattern  of  both  the  East  Baltic  and 
Gotland  carbon  isotope  curves  is  the  same.  This  shows 
sufficient  authenticity  of  the  East  Baltic  whole-rock  data. 

The  East  Baltic  data  support  the  observations  made 
on  Gotland  (Samtleben  et  al.,  1996;  Wenzel  and 
Joachimski,  1996)  that  deeper-water  sediments  show 
lower  813C  values.  It  is  true  also  for  one  positive  excursion 
measured  in  different  facies,  and  agrees  with  a  similar 
conclusion  made  by  Grossmann  (1994). 

Most  of  the  Silurian  carbon  isotope  positive  peaks 
occur  after  important  extinctions  of  organisms  (mainly 
planktic).  They  occur  during  a  low-diversity  interval, 
which  supposedly  coincided  with  a  phase  of  enhanced 
bioproduction  and  led  to  a  corresponding  differentiation 
in  carbon  fractionation  in  the  water  column. 

During  the  Early  Silurian,  glaciations  in  the  south¬ 
ern  hemisphere  and  glacio-eustatic  changes  seem  to  have 
played  a  significant  role  in  ocean  circulation  that  influ¬ 
enced  oxidation  of  bottom  waters  and  bioproduction. 
However,  there  is  no  full  coincidence  or  relationship  of 
the  sea-level  curve  with  carbon  isotope  excursions. 
Therefore,  other  factors  should  be  considered,  because 
they  probably  interacted. 
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ABSTRACT — Early  Silurian  recovery  follozued  the  Ashgill 
extinction;  however,  there  were  smaller  episodes  of  extinction  of 
Llandovery  plankton  and  benthos.  Recent  studies  of  Late  Or¬ 
dovician  events  have  shown  that  the  Ashgill  extinction  was  as¬ 
sociated  with  major  glaciation,  glacio-eustatic  changes,  and  a 
large  positive  excursion  in  S,sO  and  5I3C  in  marine  carbonates. 
It  has  been  suggested  that  Early  Silurian  events  are  also  related 
to  changes  in  ocean  state,  or  sea-level  fluctuations  associated 
with  climatic  change.  To  test  this  model,  a  carbon  and  oxygen 
stable-isotope  stratigraphy  is  established  for  the  Llandovery 
and  lowermost  Wenlock.  Data  was  obtained  front  brachiopod 
calcite  from  Estonian  shelf-carbonate  sequences  with  shalloiv 
burial  history  and  low  thermal  maturity. 

A  gradual  trend  towards  more  negative  and  constant 
5l80  values  through  the  Llandovery  and  nearly  constant  values 
of  &3C  exists,  zoith  two  small  excursions  that  are  based  on  lim¬ 
ited  data.  In  the  early  Wenlock,  a  large  positive  excursion  in 
oxygen  (nearly  2%o)  and  carbon  (>2%o)  persists  for  five  grapto- 
lite  zones,  and  is  associated  with  extinctions  of  planktic  faunas. 

Gradual  decrease  in  880  through  the  Llandovery  is  in¬ 
terpreted  to  reflect  a  progressive  warming,  and  the  5,3C  data 
suggest  relatively  stable  oceanic  conditions  without  major 
changes  in  carbon  cycling.  The  magnitude  of  the  positive  isoto¬ 
pic  excursion  in  the  early  Wenlock  may  indicate  major  cooling, 
possibly  associated  zoith  grozvth  of  ice  caps,  and  the  carbon  ex¬ 
cursion  reflects  major  changes  in  carbon  cycling. 

The  isotope  data  suggest  relatively  stable  oceanic  condi¬ 
tions  that  are  consistent  zoith  progressive  recovery  of  ecosys¬ 
tems  after  the  Ashgill  extinction.  The  isotope  data  do  not 
confirm  proposals  of  four  glacio-eustatic  changes,  nor  do  they 
identify  major  perturbations  of  the  carbon  cycle  during 
planktic  extinction  events  in  the  Llandovery  or  shozo  any  sys¬ 
tematic  variation  with  proposed  P  and  S  states. 

Introduction 


Th  e  early  Silurian  was  a  time  of  biotic  recovery  after  ex¬ 
tinction  events  associated  with  the  Ashgill  (Ordovician) 


glaciation;  however,  smaller  extinctions  in  plankton  and 
benthos  have  been  identified  in  the  Llandovery  (see  Kaljo 
et  al.,  1995,  for  a  review).  Recent  work  has  successfully 
used  oxygen  and  carbon  stable-isotope  trends  of  biogenic 
carbonate  to  improve  the  resolution  of  climatic  and  oce¬ 
anic  changes,  particularly  for  end-Ordovician  events 
(Brenchley  et  al.,  1995a).  Brenchley  et  al.  (1995b)  have 
shown  that  large  positive  excursions  of  8180  and  813C  that 
correlate  with  glacio-eustatic  fluctuations  in  the  Ashgill 
are  also  closely  associated  with  extinction  events.  This  re¬ 
port  presents  a  carbon  and  oxygen  stable-isotope  stratig¬ 
raphy  for  the  Lower  Silurian  of  Estonia,  which  is  part  of  a 
continuing  project  to  investigate  whether  faunal  changes, 
particularly  among  planktics,  are  related  to  oceanic 
changes  recorded  in  the  isotopic  record.  It  also  aims  to 
investigate  the  possibility  of  establishing  a  global  stable- 
isotope  stratigraphy  for  the  Early  Silurian. 

The  oxygen  stable-isotopic  composition  of  biogenic 
calcium  carbonate  precipitated  in  equilibrium  with  sur¬ 
rounding  water  depends  on  the  isotopic  composition  of 
that  water  and  the  temperature  of  precipitation  (Epstein 
et  al.,  1951).  Similarly,  the  carbon  isotopic  composition  of 
biogenic  carbonate  reflects  that  of  the  ambient  water,  but 
fractionation  is  not  strongly  temperature-dependent. 
Therefore,  changes  in  carbon  isotope  values  are  taken  as 
an  indicator  of  changes  in  the  flux  of  the  marine  carbon 
reservoir.  Because  of  the  success  of  isotopic  studies  in  in¬ 
terpretation  of  Quarternary  and  Tertiary  environments 
and  climate  (e.g.,  Shackleton  and  Boersma,  1981;  Prentice 
and  Matthews,  1988),  isotopes  have  been  used  to  investi¬ 
gate  earlier  geological  epochs  (Veizer  et  al.,  1986; 
Grossman  et  al.,  1991;  Wadleigh  and  Veizer,  1992).  Bra¬ 
chiopod  shells  appear  to  be  the  most  suitable  sediment 
component  for  isotopic  studies  of  the  Paleozoic,  and  have 
been  used  commonly  for  that  purpose,  although  their  use 
as  indicators  of  the  isotopic  composition  of  ancient  sea¬ 
water  is  still  controversial  (Rush  and  Chavetz,  1990; 
Land,  1995).  Factors  mitigating  in  their  favor  are  their 
mineralogy,  relative  abundance  in  Paleozoic  sediments. 
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and  ease  of  identification  and  extraction.  Articulate 
brachiopods  secrete  shells  of  low-magnesium  calcite 
(Lowenstam,  1961;  Morrison  and  Brand,  1986),  which  is 
relatively  stable  in  the  diagenetic  environment  and  more 
resistant  to  alteration  than  such  carbonates  as  high- 
magnesium  calcite  and  aragonite.  Several  methods  are 
available  to  assess  the  extent  of  diagenetic  alteration. 
These  include  cathodoluminescence  and  trace-element 
determinations  to  reveal  chemical  alteration,  and  scan¬ 
ning  electron  microscopy  and  petrography  to  show  tex¬ 
tural  alteration.  Analysis  of  a  single  component,  such  as  a 
brachiopod  shell,  from  a  carbonate  rock  is  an  advantage 
over  sampling  bulk  rock,  as  the  latter  gives  isotope  values 
which  are  an  average  of  all  the  diagenetic  and  deposi- 
tional  carbonate  phases  in  the  sample;  whereas  a  well- 
preserved  shell  will  have  an  isotopic  signal  that  reflects 
the  isotopic  composition  of  the  ambient  water.  The  main 
factor  mitigating  against  the  use  of  biogenic  carbonates 
are  vital  effects,  which  may  give  disequilibrium  fraction¬ 
ation  (Carpenter  and  Lohmann,  1995;  Wefer  and  Berger, 
1991).  Brachiopods,  however,  exert  smaller  vital  effects 
than  other  marine  organisms,  and  their  oxygen  isotope 
vital  effects  are  not  thought  to  be  significant  (Lepzelter  et 
al.,  1983;  Wefer  and  Berger,  1991).  Carbon  generally 
shows  a  slightly  larger  range  of  values  that  arise  from 
vital  effects  (Wefer  and  Berger,  1991),  but  it  is  possible  to 
assess  these  effects  through  studies  of  inter-  and  intra- 
taxonomic  variations,  and  so  avoid  giving  significance  to 
isotopic  shifts  which  are  an  artifact  of  the  biological 
variability. 

Geology  and  Stratigraphy 


The  Early  Silurian  succession  of  Estonia  was  deposited 
in  the  intra-cratonic  East  Baltic  Basin.  This  sequence  of 
carbonates,  argillaceous  carbonates,  and  calcareous  mud¬ 
stones  overlies  similar  Ordovician  sedimentary  rocks. 
The  region  is  tectonically  undeformed  and  has  not  been 
deeply  buried  (Kaljo  et  al.,  1988).  During  the  Ordovician, 
a  relatively  shallow  epicontinental  sea  existed  in  the  Bal¬ 
tic  region.  This  developed  into  a  gulf-like  basin  with  a 
comparatively  deep  basin  depression  rimmed  by  a  car¬ 
bonate  shelf  in  the  Caradoc  to  middle  Llandovery 
(Nestor,  1990a).  Five  confacies  belts  that  reflect  depth  and 
distance  from  shore  have  been  recognized  in  the  Silurian 
(Kaljo  et  al.,  1988).  The  basin  was  generally  stable  until 
the  early  Ludlow,  with  a  transgressive  maximum  in  the 
late  Llandovery-early  Wenlock.  However,  a  regressive 
phase  is  recorded  in  the  middle  Llandovery  (Nestor, 
1990a). 

Brachiopods  for  analysis  were  obtained  from  the 
"Ruhnu  core",  which  was  taken  from  a  borehole  on  the 


island  of  Ruhnu  in  the  Bay  of  Riga  (Figure  1).  The  Ruhnu 
core  includes  Early  Silurian  rock  that  represents  confacies 
belts  3  and  4,  which  were  deposited  in  a  deep-shelf  to 
shelf-basin  transitional  setting. 

The  history  of  sea-level  change  in  this  part  of  the 
basin  is  inferred  from  lithological  and  faunal  evidence 
from  the  Ruhnu  core  and  is  shown  as  a  relative  sea-level 
curve  in  Figure  2.  Relatively  uniform  facies  and  brachio¬ 
pod  assemblages  in  the  Ruhnu  core  indicate  that  locally 
there  were  no  major  sea-level  falls  in  the  lower  Llan¬ 
dovery  after  a  shallowing  at  the  base  of  the  Saarde  For¬ 
mation  (lower  Rhuddanian).  The  occurrence  of  Dicoelosia 
in  the  Lemme  Member  and  younger  units  denotes  ben¬ 
thic  assemblage  5,  which  has  been  estimated  as  represent¬ 
ing  a  paleobathymetry  of  >90  m  (Brett  et  al,  1993).  The 
increasing  abundance  of  graptolites  and  trilobite  material 
and  increasingly  argillaceous  sediment  from  the  Velise  to 
the  Jamaja  Formations  indicates  continued  deepening 
through  the  Telychian  and  lower  Wenlock  to  shelf-edge 
depths  (ca.  200m;  see  Brett  et  al.,  1993).  Dicoelosia  is  not 
recorded  below  the  Lemme  Member  (late  Aeronian),  but 
the  preservation  of  graptolites  and  the  similarity  of  bra¬ 
chiopod  assemblages  to  those  of  much  of  the  earlier 
sequence  indicates  that  it  was  not  significantly  shallower. 
There  is  lithological  evidence  for  a  marked  shallowing  in 
the  Monograptus  sedgiuickii  Zone  (late  Aeronian).  This  re¬ 
gressive  unit  is  only  1.0  m-thick  in  the  Ruhnu  core,  and 
has  been  assigned  to  benthic  assemblage  depth  3-4 
(Johnson  et  al.,  1991a),  the  shallowest  assemblage  identi- 
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FIGURE  2 — Relationship  of  brachiopod  613C  and  5180  values  from  Ruhnu  core  with  stratigraphy,  lithology,  and  local  sea-level 
changes.  Symbols  represent  brachiopod  orders:  diamond,  Orthida;  circle,  Pentamerida;  triangle,  Spiriferida;  open  square, 
indeterminate;  crossed  square,  Strophomenida.  Shaded  area  encloses  range  of  isotopic  data.  Approximate  clay  content  of 
sediment  from  Nestor  (1990b).  Scale  gives  depth  in  core  (meters). 


fied  in  this  core  sequence.  There  are  two  pyritized  sur¬ 
faces  separated  by  2  cm  at  the  base  of  the  Rumba  Forma¬ 
tion;  these  are  interpreted  as  hiatal.  There  are  similar 
pyritized  laminae  at  the  bases  of  the  Saarde  and  Ohne 
Formations.  Only  the  latter,  which  corresponds  with  the 
Ordovician-Silurian  boundary,  is  considered  to  represent 
a  major  hiatus.  There  is  no  indication  that  any  of  the  sur¬ 
faces  were  ever  subaerially  exposed. 


Sampling  and  Analytical 
Techniques 

W hole  brachiopod  shells  and  fragments  were  extracted 
from  the  rock  matrix.  Generally,  the  shells  were  less  than 
5  mm  across  and  0.5  mm  thick.  Brachiopods  were 
sampled  at  stratigraphic  intervals  that  depended  on  their 
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occurrence  through  220  m  of  core.  With  the  exception  of  a 
gap  of  16  m  in  the  Slite  Member,  samples  were  collected 
at  2-7  m  intervals.  The  brachiopods  range  stratigraph- 
ically  from  the  upper  Ashgill  to  the  lower  Wenlock.  The 
shells  were  removed  from  the  matrix  by  wet  sieving, 
freeze-thawing  with  sodium  sulphate  solution,  and  drill¬ 
ing.  The  specimens  were  cleaned  mechanically  in  an  ul¬ 
trasonic  bath  until  all  adhering  sediment  was  removed. 
Preservation  of  representative  samples  was  assessed  by 
scanning  electron  microscopy  and  by  determination  of 
trace-element  concentrations.  Due  to  the  small  size  of 
many  of  the  shells  and  shell  fragments,  it  was  not  pos¬ 
sible  to  evaluate  preservation  in  every  sample  analyzed. 

Specimens  for  stable-isotope  analysis  were  pow¬ 
dered  if  larger  than  5  mg,  but  were  otherwise  used  whole. 
Samples  of  1.5-4  mg  were  baked  in  an  E2000  Biorad 
Plasma  Asher  for  two  hours  to  remove  organic  compo¬ 
nents.  The  carbonate  was  dissolved  in  100%  phosphoric 
acid  at  50  C.  The  C02  evolved  was  analyzed  with  a  modi¬ 
fied  VG  Isogas  SIRA  12  isotope-ratio  mass  spectrometer 
at  the  University  of  Liverpool.  The  results  were  corrected 
by  standard  methods  (Craig,  1957)  and  are  expressed  in 
"delta"  (8)  notation  as  per  mil  (%o)  relative  to  the  V-PDB 
international  standard.  The  analytical  precision  (la) 
based  on  multiple  analysis  of  an  internal  standard  (run  as 
an  unknown)  is  better  than  +/-  0.05 %o  for  513C  and  +/- 
0.1  %  for  8lsO. 

An  assessment  of  shell  preservation  was  by  deter¬ 
mination  of  trace  elements  and  scanning  electron  micros¬ 
copy.  The  shells  for  SEM  examination  were  selected  from 
samples  that  yielded  sufficient  material.  Unetched  gold- 
palladium-coated  fracture  surfaces  were  examined  with  a 
Phillips  XL30  with  an  accelerating  voltage  of  10-15  kV.  In 
addition,  concentrations  of  the  trace  elements  Fe,  Mn, 
Mg,  and  Sr  were  determined  by  inductively  coupled, 
plasma  atomic-emission  spectroscopy  (ICP-AES)  at  the 
University  of  Liverpool. 

Results 


The  analytical  data  are  presented  in  Appendices  1  and  2. 
Graphic  representations  are  in  Figures  2  and  3. 

PRESERVATION. — Under  the  SEM,  the  specimens  were 
seen  to  be  generally  well  preserved  and  clearly  show  sec¬ 
ondary  layer  ultrastructure  and  well-preserved  crystal¬ 
lites.  This  good  preservation  of  shell  ultra-structures  is 
taken  as  evidence  that  diagenetic  alteration  has  not  sig¬ 
nificantly  affected  the  isotopic  signature  of  the  shell. 

Trace  elements  (Fe,  Mg,  Sr,  and  Mn)  showed  no  sig¬ 
nificant  correlations  with  each  other,  and  none  correlated 
with  either  813C  or  5180.  The  lack  of  systematic  variation  of 


trace-element  concentrations  with  isotope  values  pre¬ 
cludes  their  use  as  indicators  of  preservation  in  this  study. 

VARIABILITY. — The  sensitivity  of  the  isotope  record  (i.e., 
the  level  at  which  isotopic  events  can  be  resolved)  de¬ 
pends  on  the  range  of  variation  in  the  brachiopods 
sampled.  Studies  of  modern  and  Recent  brachiopods 
show  that  biological  control  of  isotopic  fractionation 
(i.e.,  vital  effects)  can  result  in  inter-  and  intra-taxo- 
nomic  differences  (Lepzelter  et  al.,  1983;  Carpenter  and 
Lohmann,  1995).  Single  specimens  may  also  show  varia¬ 
tions  as  great  as  l%o,  which  probably  reflect  ontogenic 
differences  or  seasonality.  The  assessment  of  intra-speci¬ 
men  variation  in  brachiopods  from  the  Ruhnu  core  was 
not  possible,  as  the  shells  were  generally  too  small  to 
allow  multiple  samples  from  a  single  specimen.  Intra¬ 
genus  variation  was  investigated  at  two  horizons.  Speci¬ 
mens  of  the  strophomenid  Leangella  sp.  from  a  horizon 
in  the  Staicele  Member  showed  ranges  of  0.2%o  and 
0.1  %o  for  813C  and  8lsO,  respectively  (n=4),  whereas 
Leangella  sp.  from  a  Lemme  Member  sample  gave 
slightly  larger  ranges  of  0.7%o  for  513C  and  0.6%o  for  5180 
(n=6).  Statistically  valid  numbers  of  brachiopods  for  the 
study  of  inter-taxon  variation  could  not  be  collected 
from  single  beds  due  to  restrictions  posed  by  sampling 
core.  Because  of  this,  data  were  pooled  from  different 
horizons  within  a  lithological  unit  (Appendix  1).  Ap¬ 
pendix  1  shows  that  within  a  unit,  differences  in  mean 
813C  and  8lsO  between  genera  are  small  (<0.3 %o),  and  do 
not  suggest  major  inter-taxon  differences.  However, 
given  the  small  amount  of  data  available  on  intra-  and 
inter-taxon  variability,  it  seems  prudent  to  take  a  conser¬ 
vative  approach  in  interpreting  the  isotopic  data,  and  to 
give  significance  only  to  those  stratigraphic  shifts  that 
are  substantially  greater  than  the  observed  range  of  val¬ 
ues  for  an  individual  horizon  (i.e.,  0.7%o). 

STABLE  ISOTOPES. — Large  positive  shifts  are  recorded  in 
813C  and  8lsO  in  the  lower  Wenlock  (Silurian)  and  in  the 
Ashgill  (Upper  Ordovician)  (Figure  2).  In  the  strati¬ 
graphic  interval  between  these  peaks,  the  oxygen  isotope 
record  shows  a  gradual  trend  towards  more  negative  val¬ 
ues.  The  carbon  isotope  signal  grossly  parallels  the 
oxygen  isotopic  trends,  but  shows  more  small-scale  vari¬ 
ability,  particularly  through  the  Llandovery.  Values  of 
513C  in  the  Llandovery  show  no  long-term  directional 
change,  but  include  two  possible  minor  excursions  that 
are  based  on  limited  data  (Figure  2).  The  minor  perturba¬ 
tions  include  al%  negative  shift  in  513C  in  the  top  of  the 
Velise  Formation  (late  Tely chian)  and  a  1  %o  positive  shift 
in  the  Ikla  Member  (early  Aeronian),  but  their  signifi¬ 
cance  is  uncertain  as  these  shifts  are  not  significantly 
larger  than  observed  intra-taxon  variations. 
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FIGURE  3 — Relationship  between  stable  isotope  changes  and  faunal,  oceanic  and  global  sea-level  events.  Isotope  data  symbols  as 
Figure  2.  Faunal  events:  E,  extinction;  R,  radiation.  Oceanic  events  of  Aldridge  et  al.  (1993)  and  Jeppsson  et  al.(1995):  E,  event;  P,  Primo 
episode;  S,  Secundo  episode.  Sea-level  events  of  Johnson  et  al.  (1991b):  D,  deepening  event  (to  left);  S,  shallowing  event  (to  right). 
Sources  of  faunal  data:  ’Loydell  (1994),  2Chatterton  et  al.  (1990),  3Jeppsson  (1987)  4Aldridge  et  al.  (1993),  5Leggett  et  al.  (1981),  Alekhin 
and  Mitchell  (1991),  7Melchin  (1994),  and  8Kaljo  et  al.  (1995). 


Oxygen  values  rise  from  a  mean  of  -5.3%o  in  the 
Velise  Formation  (upper  Llandovery),  by  1  %o  in  the  5  m 
sequence  across  the  Llandovery-Wenlock  boundary,  to  a 
mean  of  -3.5%o  in  the  Riga  Formation  (lower  Wenlock). 
This  is  a  total  shift  of  1.8  %o  (Figure  2).  Similarly,  mean 
carbon  values  increase  by  2.3%o  from  +0.8%o  to  +3.1%o. 
The  isotopic  variation  between  the  Velise  Formation  and 
the  Riga  Formation  (the  Llandovery-Wenlock  transition) 
is  not  associated  with  any  notable  lithological  changes. 
The  most  pronounced  lithological  change  occurs  lower  in 
the  sequence  at  the  base  of  the  Adavere  Stage,  between 
the  bioturbated  nodular  micrites  and  marls  of  the  Staicele 

_ 


Member  and  Rumba  Formation  and  the  laminated 
argillaceous  marls  of  the  Velise  Formation  (Figure  3). 
There  is  no  corresponding  significant  isotopic  shift  that 
corresponds  to  this,  and  this  suggests  that  the  isotopic 
signal  does  not  simply  reflect  changes  in  the  depositional 
environment,  type  of  sediment,  or  differences  in  diagen¬ 
esis  between  lithologies.  This  is  further  supported  by  the 
evidence  that  the  most  lithologically  varied  units 
(Lemme  and  Staicele  Members)  do  not  have  correspond¬ 
ingly  varied  isotopic  signals. 

In  the  Ashgillian  isotope  shift,  8180  increases  from 
nearly  -3.5 %o  to  almost  +l%o  in  the  Kuldiga  Formation 
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and  returns  to  previous  levels  in  the  Ohne  Formation 
(lowermost  Llandovery).  Carbon  values  show  a  parallel 
trend,  but,  the  shift  is  slightly  larger,  and  values  rise  from 
+1.5  %o  to  a  maximum  of  +7% o  before  returning  in  the 
Ohne  Formation  to  values  that  are  slightly  more  negative 
than  those  of  the  pre-shift  conditions  of  the  Kuili  Forma¬ 
tion.  The  precise  timing  of  the  negative  shift  is  not  clear 
as  no  samples  were  recovered  from  the  intervening 
Saldus  Formation. 

Discussion 


The  ISOTOPIC  RECORD. — Stratigraphic  variation  in  isotopic 
values  is  commonly  interpreted  as  a  reflection  of  changing 
paleoceanography  and  environment,  but  may  also  reflect 
differences  in  diagenetic  overprint  (Brand,  1987;  Bates  and 
Brand,  1991;  Grossman  et  al.,  1991;  Banner  arid  Kaufman, 
1994).  Although  it  remains  possible  that  the  texturally  pris¬ 
tine  brachiopod  shells  could  have  been  affected  by  diagen¬ 
esis,  there  are  several  aspects  of  the  Estonian  Silurian 
sequences  which  favor  the  conservation  of  a  primary  isoto¬ 
pic  signal.  The  Baltic  sequences  have  not  been  deeply 
buried  or  metamorphosed,  and  there  has  been  no  major 
tectonic  deformation  of  the  succession  (Kaljo  et  al.,  1988). 
Paleokarst  surfaces  are  absent  in  the  Ruhnu  core  succes¬ 
sion;  there  is  consequently  no  need  to  consider  the  effects 
of  local  meteoric  diagenesis  which  commonly  result  in 
stratigraphic  trends  in  isotope  values  (Allan  and 
Matthews,  1982;  Rush  and  Chavetz,  1990). 

The  large  positive  shifts  in  513C  and  8180  apparent  in 
the  late  Ashgill  from  the  Ruhnu  core  have  previously 
been  identified  in  other  Baltic  core  sequences  (Brenchley 
et  al.,  1995a;  Carden,  1995),  and  are  also  seen  in  carbonate 
sequences  from  North  America  (Carden,  1995)  and  Swe¬ 
den  (Marshall  and  Middleton,  1990).  Large  positive  shifts 
in  813C  are  also  recorded  from  organic  carbon  in  deep¬ 
water  graptolitic  shales  at  Dob's  Linn  in  Scotland  (Under¬ 
wood  et  al..  In  press)  and  China  (Wang  et  al.,  1993).  The 
isotopic  record  of  carbonates  from  Argentina  (Marshall  et 
al..  In  press)  indicates  that  these  shifts  occurred  over  a 
wide  range  of  latitudes.  This  can  be  taken  as  evidence 
that  the  Ruhnu  brachiopod  signal  reflects  global  effects. 
The  changes  in  S13C  and  5lsO  in  the  Ashgill  correlate  well 
with  the  glacio-eustatic  changes  of  the  Late  Ordovician 
glaciation,  and  have  been  causally  related  (Brenchley  et 
al.,  1995a).  Later  isotope  shifts  from  the  same  sequence 
may  also  be  related  to  significant  climatic  and  oceanic 
events.  The  largest  oxygen  and  carbon  isotope  shift  in  the 
Early  Silurian  occurs  near  the  Llandovery-Wenlock 
boundary,  with  elevated  isotope  values  persisting  into 
the  Sheinwoodian,  at  least  into  the  Monograptus  flexilis 
Zone.  There  is  evidence  for  oceanic  and  faunal  changes  at 


this  time  (discussed  below).  At  present,  this  event  has 
been  recorded  only  in  the  Baltic  region.  Independent  iso¬ 
tope  studies  of  brachiopods  from  the  Wenlock  of 
Gotland,  Sweden,  show  positive  shifts  in  513C  and  8180  of 
the  same  style  and  magnitude  as  the  Estonian  data 
(Samtleben  et  al.,  1995;  Wenzel  and  Joachimski,  1995). 

The  Wenlock  isotope  record  from  Gotland  has  been 
interpreted  to  reflect  paleosalinity  shifts  that  relate  to 
changes  in  the  input  of  fresh  water  (Samtleben  et  al., 
1995).  This  is  because  shifts  in  the  oxygen  isotope  record 
correlate  with  facies  changes  in  the  Gotland  succession. 
By  this  interpretation,  more  negative  oxygen  isotope 
values  are  associated  with  increased  runoff  that  led  to 
the  formation  of  marly  sediments  and,  it  is  suggested, 
inhibited  reef  formation  as  a  result  of  greater  turbidity 
(Samtleben  et  al.,  1995).  More  positive  values  are  associ¬ 
ated  with  reef  growth  and  less  clayey  sediments,  which 
reflect  a  decreased  input  of  fresh  water.  There  is  no  ap¬ 
parent  correlation  between  the  isotopic  record  and 
lithological  change  in  the  Ruhnu  core.  Ruhnu  sediments 
were  deposited  in  deep  water  towards  the  center  of  the 
basin  and  at  some  distance  from  the  point  of  entry  of 
any  fresh-water  runoff  at  the  basin  margins.  The  faunal 
evidence  suggests  that  normal  marine  conditions  pre¬ 
vailed.  The  isotope  signal  from  such  an  environment  is 
unlikely  to  reflect  paleosalinity  changes.  If  intra-basinal 
effects  had  significantly  influenced  isotope  values,  then 
a  strong  association  between  lithology  and  the  isotopic 
record  would  be  expected,  but  this  is  not  the  case  for  the 
Ruhnu  core  data  (Figure  2).  The  lack  of  correlation 
between  lithology  and  intra-basinal  sea-level  fluctua¬ 
tions  with  8lsO  suggests  that  local  changes  in  precipita¬ 
tion  and  runoff  were  not  the  dominant  cause  of  isotopic 
variation. 

Alternatively,  the  isotopic  signal  may  reflect  extra- 
basinal  changes.  The  direction  and  magnitude  of  the 
Wenlock  oxygen  isotope  shifts  suggest  ice  volume 
changes  as  a  possible  external  control  factor.  In  the  ab¬ 
sence  of  salinity  changes,  changes  in  518Oocean  water  (  818Oow) 
are  the  effect  of  ice  volume.  Rainfall  and  snow  at  high 
latitudes  have  more  negative  SlsO  values  than  ocean  wa¬ 
ter;  consequently,  high-latitude  ice  sheets  are  a  reservoir 
for  160  (Anderson  and  Arthur,  1980).  When  ice  sheets 
build  up  and  extend  during  glaciation,  518Oovv  is  shifted 
towards  more  positive  values.  Decrease  in  ocean  tem¬ 
perature  during  glaciation  will  also  increase  S18Ocarbonate,  as 
isotopic  fractionation  during  precipitation  is  tempera¬ 
ture-dependent.  In  this  way,  the  onset  of  ice  sheet  growth 
and  related  cooling  could  produce  a  positive  oxygen  iso¬ 
tope  shift  of  the  magnitude  seen  at  the  Llandovery- 
Wenlock  boundary. 

Positive  8180  shifts  in  the  Cenozoic  isotope  record, 
which  have  been  interpreted  as  the  result  of  ice  volume 
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effects  as  described  above,  are  often  associated  with 
negative  813C  shifts.  This  is  because  organic  matter  is  in¬ 
corporated  into  sediment  at  below-normal  rates  during 
regression  (Berger  and  Vincent,  1986),  and  this  increases 
the  relative  abundance  of  12C  in  total  dissolved  carbon. 
Contrary  to  this,  the  Ruhnu  core  carbon  values  are  shifted 
in  a  positive  direction,  roughly  in  parallel  with  the  oxy¬ 
gen  curve.  This  suggests  that  organic  carbon  was  being 
sequestered  at  this  time.  The  size  of  the  shift  indicates 
major  changes  in  the  carbon  cycle,  and  may  reflect 
changes  in  planktic  productivity  and  rate  of  organic  car¬ 
bon  sequestration. 

In  the  discussion  below,  isotopic  trends  will  be  re¬ 
lated  to  oceanographic  change,  eustasy,  and  their  effect 
on  biotas.  A  current  model  for  Early  Silurian  climate  will 
be  summarized. 

RELATIONSHIP  to  SEA-LEVEL. — Deepening  events  for 
which  a  glacio-eustatic  cause  has  been  suggested  are 
identified  at  the  Rhuddanian-Aeronian  transition  and  in 
the  middle  Aeronian  (lowest  Monograptus  sedgzvickii 
Zone),  early  Telychian  ( Spirograptus  turriculatus  Zone), 
and  late  Telychian  (Johnson  et  al,  1991b;  Figure  3).  They 
have  been  defined  on  the  basis  of  benthic  assemblages, 
and  have  been  identified  from  analysis  of  sequences  from 
a  number  of  paleocontinents  (Johnson  and  McKerrow, 
1991;  Johnson  et  al.,  1991a)  including  Baltica.  The  rate  of 
change  of  these  sea-level  fluctuations  is  consistent  with 
their  proposed  glacio-eustatic  origin.  Glacial  sediments 
of  Early  Silurian  age  have  been  described  in  Brazil 
(Grahn  and  Caputo,  1992),  but  there  is  no  other  evidence 
for  the  extent  of  glaciation. 

Although  several  cores  from  Estonia  were  included 
in  the  study  by  Johnson  et  al.  (1991a),  sedimentological 
and  paleontological  evidence  from  the  Ruhnu  core  do  not 
reflect  the  sea-level  rises  proposed  therein.  This  may  be 
because  the  depth  range  of  the  benthic  assemblages  in  the 
core  is  greater  than  the  amount  of  sea-level  change  which 
took  place.  However,  if  the  sea-level  changes  were  glacio- 
eustatic,  they  could  be  expected  to  correlate  with  changes 
in  the  isotopic  record. 

A  comparison  of  the  isotopic  signal  with  sea-level 
events  (Figure  3)  shows  that  the  proposed  deepening 
phases  are  not  reflected  in  the  Ruhnu  core  oxygen  isotope 
data.  However,  a  eustatic  regression  identified  near  the 
Llandovery-Wenlock  boundary  (Johnson  and  McKerrow, 
1991,  fig.  1)  does  appear  to  coincide  with  the  onset  of  high 
8180  and  S13C  values.  Although  the  general  trend  of 
Llandovery  oxygen  isotopes  towards  more  negative  val¬ 
ues  could  be  compatible  with  gradual  glacio-eustatic  rise, 
there  are  no  isotopic  events  that  would  be  compatible 
with  the  rapid  deepening  phases  identified  by  Johnson 
and  McKerrow  (1991)  and  Johnson  et  al.  (1991a,  1991b). 


The  absence  of  any  correlation  between  sea-level 
rises  and  the  isotopic  record  for  the  Llandovery  could  in¬ 
dicate  that  sea-level  fluctuations  were  of  relatively  low 
magnitude.  Proposed  Llandovery  deepening  events  are 
estimated  on  the  basis  of  benthic  assemblage  depths  to 
represent  sea-level  rises  of  30-50  m  (Johnson  and 
McKerrow,  1991)  and  more  recently,  based  on  the  relief 
on  coastal  paleotopography,  of  60-70  m  (Johnson  et  al., 
this  volume).  The  amount  of  water  sequestered  to  pro¬ 
duce  this  amount  of  sea-level  change  may  not  be  suffi¬ 
cient  to  produce  an  isotope  shift  of  a  magnitude  greater 
than  the  internal  variability  of  the  isotope  signal  (+/- 
0.7%o),  in  which  case  the  Llandovery  deepening  events 
could  not  be  identified  from  the  Ruhnu  core  data.  How¬ 
ever,  the  Llandovery-Wenlock  isotope  excursion  is  re¬ 
solved  by  isotope  data  that  suggest  that  the  regression  at 
this  time  was  greater  than  earlier  sea-level  changes.  Al¬ 
though  there  is  no  local  evidence  for  shallowing,  a 
eustatic  fall  at  the  Llandovery-Wenlock  transition  and 
the  occurrence  of  glacial  sediments  in  the  lower  Wenlock 
(Grahn  and  Caputo,  1992)  support  the  interpretation  of 
this  isotope  shift  as  a  reflection  of  changes  in  818Oocean  water 
by  ice  sheet  growth  with  climatic  cooling.  Elevated  iso¬ 
tope  values  through  the  early-middle  Sheinwoodian  sug¬ 
gest  a  longer  cool  period  than  indicated  by  the  sea-level 
curve,  which  depicts  fairly  rapid  deepening  (de¬ 
glaciation?)  in  the  Cyrtograptus  murchisoni-Bohemogaptus 
bohemicus  Zone  (Figure  3). 

Relationship  to  ice  volume  and  temperature.— if  it 
is  accepted  that  the  Ruhnu  core  isotope  signal  reflects 
changes  in  d18Oow,  then  inferences  can  be  made  about  the 
nature  of  the  climatic  fluctuations  that  these  isotopic 
changes  represent.  As  noted  above,  salinity  is  not  likely 
to  be  a  principal  component  of  the  Ruhnu  isotope  signal. 
This  leaves  ice-volume  and  temperature-variation  effects 
to  account  for  the  major  oxygen  isotope  excursion  at  the 
Llandovery-Wenlock  boundary.  Major  temperature 
changes  at  low  latitudes  in  the  early  Wenlock  are  not  sup¬ 
ported  by  faunal  evidence;  stable,  diverse,  typical  carbon¬ 
ate-shelf  faunas  persisted  at  this  time  (Kaljo  et  al.,  1988; 
Nestor,  1994),  but  minor  changes  cannot  be  ruled  out. 
This  has  implications  for  the  amount  of  sea-level  change 
which  can  be  inferred  from  the  isotope  signal  (see  discus¬ 
sion  below). 

The  relative  contributions  of  ice  volume  and  tem¬ 
perature  change  to  the  isotope  shift  (and  hence  to  eustatic 
change)  are  not  easily  determined,  as  the  two  are  not  sim¬ 
ply  related.  Models  for  more  recent  climate  shifts  give 
varying  estimates  of  the  amount  of  temperature  change 
in  the  tropics  during  glaciation.  The  CLIMAP  reconstruc¬ 
tion  describes  small  changes  (less  than  2°  C)  in  sea- 
surface  temperatures  (SST)  in  the  tropics  between  glacial 
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and  interglacial  times  (Broeker  and  Denton,  1989).  If  this 
model  is  taken  as  an  analogue  for  the  Early  Silurian,  then 
ice  volume  changes  would  be  expected  to  have  had  a 
greater  influence  than  temperature  changes  on  the  isoto¬ 
pic  record.  Alternatively,  a  more  recent  report  (Guilder- 
son  et  al.,  1994)  suggests  that  SSTs  in  the  tropics  may  have 
been  cooler  by  as  much  as  6°  C  during  the  Last  Glacial 
Maximum.  The  deep-shelf  environment  represented  by 
the  Ruhnu  core  succession  would  have  been  above  the 
ocean  thermocline  and  in  the  mixed  layer.  For  this  reason, 
it  would  be  affected  by  variation  in  SST.  If  a  large  shift  of 
tropical  SST  in  response  to  glaciation  as  described  by 
Guilderson  et  al.  (1994)  is  applicable  to  the  Early  Silurian, 
then  a  substantial  part  of  the  isotope  shift  could  be  due  to 
temperature  change. 

The  estimate  of  the  amount  of  sea-level  change  from 
the  size  of  the  isotope  shift  is  also  subject  to  error.  The 
temperature  effect  is  not  proportional  to  ice  volume 
change,  which  means  that  the  oxygen  record  is  not  a  per¬ 
fect  proxy  for  ice  volume  (Broeker  and  Denton,  1989).  At¬ 
tempts  to  quantify  possible  sea-level  changes  from  the 
magnitude  of  the  isotope  shift  are  based  on  estimates  of 
the  volume  of  water  that  must  be  removed  from  the 
oceans  to  produce  a  certain  amount  of  sea-level  fall,  and 
on  estimates  of  the  isotopic  composition  of  the  seques¬ 
tered  water.  For  instance,  an  isotope  shift  of  0.0133%o  for 
every  meter  of  sea-level  change  would  result  if  the  water 
sequestered  to  produce  the  sea-level  fall  had  an  isotopic 
composition  as  extreme  as  modern  snow  from  the  inte¬ 
rior  of  Antarctica  (Appendix  3,  column  [a])  (Emiliani  and 
Shackleton  [1974]  in  Rowley  and  Markwick,  1992).  Ap¬ 
pendix  3  shows  the  amount  of  sea-level  change  that 
would  be  expected  from  the  observed  positive  2%o  oxy¬ 
gen  isotope  shift  with  varying  combinations  of  ice  vol¬ 
ume  and  temperature  effects  for  three  different  estimates 
of  the  change  in  818Oow  per  meter  of  sea-level  change.  Val¬ 
ues  for  the  change  in  5lsO  per  meter  of  sea-level  change 
have  been  calculated  by  different  workers  for  the  sea- 
level  change  since  the  Last  Glacial  Maximum.  These 
range  from  0.0133  m 1  (Emiliani  and  Shackleton  [1974]  in 
Rowley  and  Markwick,  1992),  which  assumes  that  the  se¬ 
questered  water  has  extremely  negative  8180  values,  to  as 
low  as  0.008  %o  mT  (Schrag  et  al.,1992),  which  is  based  on 
less  negative  values  for  the  water  sequestered.  It  is  clear 
from  Appendix  3  that  the  calculated  sea-level  fluctua¬ 
tions  are  unrealistically  large  if  the  isotopic  shift  is  due 
only  to  ice- volume  effects  (row  1),  especially  for  scenario 
(c).  The  cases  in  which  the  values  are  l%o  or  less  are  at¬ 
tributed  to  ice  volume  effects  and  give  more  reasonable 
sea-level  changes,  but  invoke  tropical  sea  temperature 
changes  of  4.5°C  or  more.  The  observed  excursion  can  be 
accounted  for  with  an  equal  contribution  from  both  sea- 
level  and  temperature  change  (rows  3  and  4).  However, 


this  requires  a  minimum  sea-level  fall  of  75  m.  This  is 
within  the  bounds  of  possibility,  but  exceeds  the  most  re¬ 
cent  estimate  of  sea-level  fluctuations  for  the  Llandovery 
(i.e.,  60-70  m,  see  Johnson  et  al.,  this  volume). 

These  calculations  suggest  a  sea-level  fall  similar  to 
or  in  excess  of  that  of  the  Hirnantian,  which  has  been  esti¬ 
mated  as  50-100  m  (Brenchley  and  Newall  [1980]  in 
Brenchley  et  al.,  1995b)  or  ~60  m  (Crowley  and  Baum 
[1991]  in  Brenchley  et  al.,  1995a).  In  this  respect,  estimates 
of  end-Ordovician  sea-level  change  conflict  with  those  of 
the  Early  Silurian.  The  sedimentological  changes  at  the 
Llandovery-Wenlock  boundary  are  not  as  severe  as  the 
end-Ordovician,  are  associated  with  smaller  oxygen  and 
carbon  isotope  shifts,  and  consequently  suggest  that  the 
sea-level  change  was  smaller. 

Relationship  to  faunal  events.— Planktic  organisms, 
such  as  graptolites  and  conodonts,  are  sensitive  to 
changes  in  ocean  stratification,  upwelling,  and  flux  of 
nutrients.  Consequently,  episodes  of  extinction  followed 
by  radiations  identify  particularly  significant  times  of  en¬ 
vironmental  disturbance.  The  records  of  turnover  in 
graptolites  and  conodonts  through  the  Early  Silurian  are 
compared  with  the  isotope  record  in  Figure  3.  This  shows 
episodes  of  extinction  or  decreased  diversity  near  the 
Aeronian-Telychian  boundary  and  at  the  Llandovery- 
Wenlock  boundary.  There  are  no  significant  extinction 
events  reported  in  the  Rhuddanian  and  early-middle 
Aeronian  for  graptolite  or  conodont  faunas.  For  the  grap¬ 
tolites,  this  is  a  period  of  increasing  diversity  and  radia¬ 
tion  after  the  Hirnantian  extinctions,  which  began  in  the 
Parakidograptus  acuminatus  Zone  and  continued  with  a 
number  of  radiation  events  (Leggett  et  al.,  1981;  Kaljo  et 
al.,  1995).  Conodont  faunas  took  longer  to  recover  and 
were  in  stasis  through  the  early  Llandovery  (Aldridge  et 
al.,  1993).  Ruhnu  core  isotope  values  through  this  interval 
are  relatively  constant,  which  reflects  stable  environmen¬ 
tal  conditions  with  no  dramatic  oceanographic  distur¬ 
bances.  Both  graptolites  and  conodonts  underwent  a 
radiation  in  the  Demirastrites  convolutus  Zone  (late 
Aeronian).  However,  this  is  followed  by  a  decrease  in 
diversity  of  conodont  and  graptolite  faunas  in  the 
Monograptus  sedgwickii  Zone.  Unfortunately,  no  isotope 
data  were  recovered  from  this  interval,  so  it  is  not  known 
whether  the  biotic  turnover  is  associated  with  isotopic 
changes.  A  graptolite-diversity  low  in  the  Stimulograptus 
ntilis  Subzone  (lower  Spirograptus  turriculatus  Zone)  has 
been  related  to  the  sea-level  fall  after  the  second 
Llandovery  deepening  (Loydell,  1994).  The  most  signifi¬ 
cant  biotic  crisis  in  the  Early  Silurian  occurs  at  the  begin¬ 
ning  of  the  Wenlock.  There  is  a  graptolite  diversity  low  in 
the  Cyrtograptus  niurchisoni  Zone,  but  the  highest  extinc¬ 
tion  rate  occurs  between  the  Monoclimacis  cremdata  and 
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Cyrtograptus  centrifiigns  Zones  and  corresponds  to  the 
Llandovery-Wenlock  boundary  (Melchin,  1994).  The  fau¬ 
nal  events  are  correlated  with  the  eustatic  regression  at 
this  time  and  with  a  positive  excursion  in  5lsO  and  513C  in 
the  Ruhnu  core  (Figure  3).  The  diversity  low  appears  to 
correlate  with  the  time  of  greatest  rate  of  sea-level 
change,  whereas  the  highest  extinction  rate  may  occur  at 
the  maximum  lowstand.  Conodonts  are  also  severely 
affected  by  the  early  Wenlock  extinction  event  (Jeppsson, 
1987;  Chatterton  et  al.,  1990;  Aldridge  et  al.,  1993),  with 
the  general  disappearance  of  genera  with  platform  ele¬ 
ments  (Jeppsson,  1987).  Some  benthic  groups  also  show 
diversity  changes,  (e.g.,  trilobites  in  North  America 
[Chatterton  et  al.,  1990]  and  brachiopods  [Kaljo  et  al., 
1995]). 

Relationship  to  oceanic  events.— Jeppsson  (1990) 
proposed  a  model  for  oceanic  cycles  to  explain 
lithological  and  faunal  changes  in  the  Silurian.  He  identi¬ 
fied  alternations  in  climate  states  between  P  episodes  (or 
times  when  the  climate  was  cool  at  high  latitudes  and 
humid  at  low  latitudes)  and  S  episodes  (or  times  when 
the  climate  was  warm  at  high  latitudes  and  dryer  at  low 
latitudes).  A  third  state  occurs  briefly  at  the  transition 
from  a  P  episode  to  an  S,  and  is  termed  an  "event".  Ac¬ 
cording  to  the  model,  an  episode  is  identified  by  charac¬ 
teristic  lithologies  and  faunas  that  reflect  the  ocean  state 
and  climate  of  that  time.  The  model  describes  a  number 
of  oceanic  and  lithological  changes  and  includes  changes 
in  the  carbon  isotope  record.  It  is  suggested  that  positive 
shifts  in  813C  would  occur  during  P  episodes,  with  burial 
of  organic  carbon  in  black  shales  that  form  in  shallow 
waters;  conversely,  S  episodes  would  be  associated  with 
lower  813C  values  that  result  from  lower  planktic  produc¬ 
tivity.  As  the  model  also  includes  sea-level  changes,  one 
would  expect  this  to  be  reflected  in  the  oxygen  isotope 
record  if  the  changes  were  glacio-eustatic.  The  model 
states  that  severe  P  episodes  could  become  cold  enough 
for  the  growth  of  ice  sheets,  which  means  that  some  P 
episodes  would  be  expected  to  coincide  with  positive 
shifts  in  8lsO.  S  episodes,  being  relatively  warm,  might  be 
expected  to  be  associated  with  decreased  5lsO  values 
with  local  temperature  increase,  and  melting  of  the  ice 
sheets  thought  to  exist  at  that  time  in  the  Gondwanan 
highlands.  The  model  has  been  applied  to  the  Early  Sil¬ 
urian,  and  the  resulting  pattern  of  episodes  has  been  de¬ 
scribed  (Aldridge  et  al.,  1993;  Jeppsson  et  al.,  1995). 

The  pattern  of  P  and  S  episodes  is  related  to  the 
Ruhnu  isotope  stratigraphy  in  Figure  3.  There  are  two 
proposed  oceanic  cycles  in  the  Early  Silurian,  with  P-S 
transition  events  in  the  late  Aeronian  and  at  the 
Llandovery-Wenlock  boundary.  According  to  the  model, 
negative  shifts  in  513C  would  be  expected  at  P  to  S  transi¬ 


tions,  but  these  are  not  recorded  in  the  Ruhnu  core.  There 
is  no  relationship  between  trends  in  813C  and  8180  from 
Ruhnu  and  the  proposed  P  and  S  episodes.  This  may  in¬ 
dicate  that  climatic  differences  between  P  and  S  episodes 
are  not  great  enough  to  be  resolved  by  the  isotopic 
record.  As  with  sea-level  events,  the  isotopic  record  can 
resolve  only  those  climatic  changes  greater  than  a  certain 
magnitude.  Although  minor  differences  cannot  be  ruled 
out,  large  differences  in  organic  carbon  production  and 
burial  and  carbonate  deposition  between  S  and  P  epi¬ 
sodes  are  not  inferred  for  the  Early  Silurian. 

The  positive  isotope  shifts  in  813C  and  8180  between 
the  Velise  and  Riga  Formations  coincide  with  the  Ireviken 
Event  of  Jeppsson  et  al.  (1995),  a  P-S  transition  event 
which  is  defined  by  conodont  faunal  event  horizons  in 
Gotland.  This  occurs  in  the  Pterospathodus  amorpho- 
gnathoides  (conodont)  Zone  and  spans  the  Llandovery- 
Wenlock  boundary.  The  interpretation  of  the  positive 
oxygen  isotope  shift  as  an  indication  of  cooling  in  the 
early  Wenlock  conflicts  both  with  the  model  of  S  state 
("greenhouse")  conditions  at  this  time,  which  was  in¬ 
ferred  by  Jeppsson  (1987),  and  with  the  association  of  in¬ 
creased  basin  oxygenation  with  the  Llandovery-Wenlock 
regression  (Kemp,  1991). 

A  cluster  of  faunal  events  recorded  in  the  published 
literature  may  correspond  to  the  late  Aeronian  oceanic 
event  identified  by  Aldridge  et  al.  (1993).  Unfortunately, 
there  is  no  isotope  data  available  in  the  Ruhnu  core  for 
the  critical  interval,  and  this  report  cannot  contribute  to  a 
discussion  of  the  significance  of  these  events. 

Conclusions 


This  report  confirms  a  large  isotopic  shift  associated 
with  Hirnantian  sedimentary  rocks  in  the  Baltic  and  a 
positive  shift  in  813C  and  8lsO  values  in  the  early  Wenlock 
that  is  regional  in  extent  and  associated  with  extinctions 
in  graptolites  and  conodonts  and  glacio-eustatic  changes. 
The  isotope  data  point  to  stable  environmental  conditions 
in  the  Llandovery.  This  is  consistent  with  progressive 
recovery  following  Late  Ordovician  deglaciation.  The 
Wenlock  isotope  excursions  may  be  related  to  the  growth 
of  ice  caps.  The  Llandovery-Wenlock  boundary  isotopic 
shifts  are  associated  with  extinctions  in  planktic  faunas 
that  were  sensitive  to  environmental  change. 

An  association  of  biotic  events  with  proposed 
eustatic  change  occurs  in  the  Monograptus  sedgzoickii  Zone 
(Figure  3),  an  interval  for  which  no  brachiopod  isotope 
data  are  available.  An  isotopic  study  of  this  interval 
would  be  valuable. 

The  brachiopod  isotopic  record  of  the  Ruhnu  core 
does  not  provide  evidence  for  the  P  and  S  ocean  states 
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proposed  by  Aldridge  et  al.  (1993)  and  Jeppsson  et  al. 
(1995),  but  does  indicate  major  oceanographic  events  in 
the  Early  Silurian.  The  isotopic  data  do  not  confirm  the 
four  eustatic  deepening  events  which  have  been 
proposed  for  the  Llandovery  (Johnson  et  al.,  1991b). 
These  data  suggest  that  brachiopod  isotope  records  can 
be  used  to  investigate  major  climate  shifts,  but  are  not 
sufficiently  sensitive  to  discriminate  less  severe  environ¬ 
mental  changes.  The  record  of  isotopic  events  fits  a  model 
where  glacio-eustatic  changes  are  the  dominant  cause  of 
oceanographic  change,  rather  than  a  model  in  which 
switches  between  P  and  S  episodes  are  the  main  cause  of 
oceanic  events. 

More  isotopic  studies  of  other  Llandovery-Wenlock 
boundary  successions  are  needed  to  confirm  the  signifi¬ 
cance  of  the  boundary  event.  Detailed  isotopic  studies,  in 
which  the  contribution  of  biogenic  fractionation,  lithol¬ 
ogy,  and  regional  climate  change  to  the  isotope  record  are 
evaluated  for  each  study  area,  are  required  before  global 
isotope  events  can  be  identified. 
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Appendix  1 

Comparisons  of  mean  oxygen  and  carbon  stable-isotope  values  of 

SELECTED  GENERA  IN  THREE  MEMBERS  OF  THE  SAARDE  FORMATION  (LLANDOVERY). 


Member 

Taxon 

n= 

5'80%o 

X 

la 

813C%o 

X 

la 

Range(%o) 

8180  813C 

Staicele 

Onniella 

7 

-4.90 

0.12 

0.88 

0.03 

0.30 

0.11 

Leangella 

5 

-4.88 

0.06 

0.90 

0.08 

0.16 

0.22 

Lemme 

Leangella 

13 

-4.60 

0.17 

1.09 

0.22 

0.66 

0.67 

Meifodia 

6 

-4.54 

0.13 

0.77 

0.26 

0.36 

0.74 

Kolka 

Meifodia 

5 

-4.31 

0.19 

0.82 

0.7 

1.77 

0.38 

Onniella 

6 

-4.57 

0.13 

0.75 

0.12 

0.34 

0.47 

Appendix  2 

813C  AND  5lsO  VALUES  OF  RUHNU  CORE  BRACHIOPODS.  "INDETERMINATE" 
REFERS  TO  SHELL  FRAGMENTS  THAT  COULD  NOT  BE  IDENTIFIED.  SAMPLE  NUMBER 
IS  DEPTH  IN  METERS  (SEE  SCALE  IN  FIGURE  2). 


Sample  No. 

Stratigraphic  Unit 

Order 

Family 

Genus 

813C  (%o) 

S180  (%o) 

401.4 

Jamaja  Formation 

Orthida 

Dalmanellidae 

Onniella 

1.94 

-3.792 

402.6 

Jamaja  Formation 

Orthida 

Dalmanellidae 

Resserella 

2.313 

-3.754 

405.9 

Jamaja  Formation 

Indeterminate 

2.597 

-3.527 

407.5 

Jamaja  Formation 

Indeterminate 

2.  197 

-3.264 

407.75 

Jamaja  Formation 

Indeterminate 

2.64 

-3.557 

408.8 

Jamaja  Formation 

Indeterminate 

2.485 

-4.138 

414.3 

Paramaja  Formation 

Indeterminate 

1.73 

-3.389 

415.2 

Paramaja  Formation 

Orthida 

Dalmanellidae 

1.873 

-3.632 

416.75 

Paramaja  Formation 

Strophomenida 

cf.  Eoplectodonta 

2.298 

-2.986 

424.3 

Paramaja  Formation 

Indeterminate 

3.838 

-4.215 

425.5 

Paramaja  Formation 

Orthida 

Dalmanellidae 

Resserella  sabrinae 

3.51 

-3.178 

425.5 

Paramaja  Formation 

Orthida 

Dalmanellidae 

Resserella  sabrinae 

3.545 

-3.463 

426.5 

Paramaja  Formation 

Indeterminate 

3.542 

-3.685 

430 

Paramaja  Formation 

Indeterminate 

3.219 

-2.982 

430.5 

Paramaja  Formation 

Pentamerida 

cf.  Clorinda 

3.139 

-3.038 

432.85 

Paramaja  Formation 

Indeterminate 

3.353 

-3.469 

433.3 

Paramaja  Formation 

Pentamerida 

cf.  Clorinda 

3.186 

-2.795 

435.2 

Paramaja  Formation 

Indeterminate 

3.054 

-3.466 

436.8 

Paramaja  Formation 

Orthida 

Dalmanellidae 

Resserella  sp. 

3.97 

-3.649 

447.5 

Tolla  Member 

Indeterminate 

3.229 

-3.891 

448.6 

Tolla  Member 

Strophomenida 

3.671 

-4.236 

455.1 

Velise  Formation 

Indeterminate 

0.401 

-5.185 

455.1 

Velise  Formation 

Strophomenida 

0.432 

-5.142 

455.9 

Velise  Formation 

Orthida 

Skenidiidae 

Skenidioides 

0.659 

-5.551 

457.85 

Velise  Formation 

Strophomenida 

Sowerbyellidae 

Eoplectodonta 

0.532 

-5.252 

458.85 

Velise  Formation 

Orthida 

Dalmanellidae 

Onniella 

0.352 

-5.346 

460.  1 

Velise  Formation 

Orthida 

Skenidiidae 

Skenidioides 

0.274 

-5.348 

460.  1 

Velise  Formation 

Orthida 

Skenidiidae 

Skenidioides 

0.311 

-5.312 

463.6 

Velise  Formation 

Orthida 

Dalmanellidae 

Visbyella 

1.019 

-5.346 

467.5 

Velise  Formation 

Pentamerida 

0.93 

-5.33 
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Appendix  2  (continued) 


Sample  No. 

Stratigraphic  Unit 

Order 

Family 

Genus 

813C  (%„) 

5180  (%») 

470.78 

Velise  Formation 

Spiriferida 

Indet  atrypid 

0.879 

-5.385 

471.3 

Velise  Formation 

Spiriferida 

Lissatrypidae 

Glassia 

1.336 

-5.332 

478.7 

Velise  Formation 

Orthida 

Skenidiidae 

Skenidioides 

1.845 

-5.121 

483.5 

Velise  Formation 

Spiriferida 

Lissatrypidae 

Glassia 

1.129 

-5.493 

488 

Velise  Formation 

Pentamerida 

1.145 

-5.507 

493.6 

Staicele  Member 

Orthida 

Dalmanellidae 

0.93 

-4.93 

494.4 

Staicele  Member 

Indeterminate 

1.69 

-4.325 

496.7 

Staicele  Member 

Strophomenida 

Leptellinidae 

Leangella 

1.01 

-5.282 

500.6 

Staicele  Member 

Orthida 

Dalmanellidae 

Onniella 

0.808 

-5.026 

500.6 

Staicele  Member 

Orthida 

Dalmanellidae 

Onniella 

0.924 

-4.887 

500.85 

Staicele  Member 

Orthida 

Dalmanellidae 

Onniella 

0.895 

-4.778 

500.85 

Staicele  Member 

Orthida 

Dalmanellidae 

0.905 

-4.897 

500.85 

Staicele  Member 

Orthida 

Dalmanellidae 

0.919 

-5.06 

500.85 

Staicele  Member 

Strophomenida 

Leptellinidae 

Leangella 

0.904 

-4.869 

500.85 

Staicele  Member 

Strophomenida 

Leptellinidae 

Leangella 

0.807 

-4.974 

500.85 

Staicele  Member 

Strophomenida 

Leptellinidae 

Leangella 

0.925 

-4.861 

500.85 

Staicele  Member 

Strophomenida 

Leptellinidae 

Leangella 

1.027 

-4.919 

502.6 

Staicele  Member 

Orthida 

Dalmanellidae 

0.885 

-4.752 

502.6 

Staicele  Member 

Strophomenida 

0.852 

-4.813 

502.9 

Staicele  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.628 

-4.39 

502.9 

Staicele  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.709 

-4.333 

503.7 

Staicele  Member 

Orthida 

Dalmanellidae 

0.845 

-5.048 

508.2 

Staicele  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.92 

-4.743 

509.4 

Staicele  Member 

Indeterminate 

1.147 

-5.009 

509.4 

Staicele  Member 

Indeterminate 

1.19 

-4.727 

509.4 

Staicele  Member 

Indeterminate 

1.11 

-4.89 

509.4 

Staicele  Member 

0.921 

-4.661 

512.3 

Staicele  Member 

Orthida 

Dalmanellidae 

Onniella 

0.914 

-4.927 

512.3 

Staicele  Member 

Orthida 

Dalmanellidae 

Onniella 

0.677 

-4.967 

514.9 

Ikla  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.975 

-4.899 

523.5 

Ikla  Member 

Orthida 

Dalmanellidae 

1.107 

-5.275 

523.95 

Ikla  Member 

Indeterminate 

0.866 

-4.52 

523.95 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

0.913 

-4.526 

523.95 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

1.437 

-5.012 

523.95 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

1.575 

-4.845 

523.95 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

0.984 

-4.435 

523.95 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

1.017 

-4.664 

523.95 

Ikla  Member 

Strophomenida 

0.993 

-4.464 

523.95 

Ikla  Member 

Strophomenida 

0.95 

-4.349 

523.95 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

0.901 

-4.592 

525.2 

Ikla  Member 

Indeterminate 

0.824 

-4.624 

525.2 

Ikla  Member 

Indeterminate 

0.99 

-4.282 

525.2 

Ikla  Member 

Indeterminate 

0.799 

-4.595 

526.6 

Ikla  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.914 

-4.651 

527.3 

Ikla  Member 

Strophomenida 

Leptellinidae 

Eoplectodonta 

1.136 

-4.478 

527.8 

Ikla  Member 

Strophomenida 

0.997 

-4.516 

528.6 

Ikla  Member 

Strophomenida 

cf.  Eoplectodonta 

0.977 

-4.685 

528.6 

Ikla  Member 

Strophomenida 

cf.  Eoplectodonta 

1.021 

-4.635 

531.02 

Ikla  Member 

Strophomenida 

1.383 

-4.605 

531.5 

Ikla  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.242 

-4.591 

535.4 

Ikla  Member 

Indeterminate 

1.401 

-4.168 

540.2 

Ikla  Member 

Strophomenida 

Leptellinidae 

Leangella 

2.07 

-4.628 

540.45 

Ikla  Member 

Spiriferida 

Lissatrypidae 

cf.  Meifodia 

1.542 

-4.546 

540.45 

Ikla  Member 

Strophomenida 

Sowerbyellidae 

Eoplectodonta 

1.679 

-4.892 

Early  Silurian  Carbon  and  Oxygen  Stable-Isotope  Stratigraphy  of  Estonia:  Implications  for  Climate  Change  325 


Appendix  2  (continued) 


Sample  No. 

Stratigraphic  Unit 

Order 

Family 

Genus 

813C  (%o) 

8lsO  (%o) 

547.1 

Ikla  Member 

Indeterminate 

2.422 

-4.589 

548.55 

Ikla  Member 

Indeterminate 

1.197 

-5.224 

558.6 

Kolka  Member 

Indeterminate 

0.301 

-4.351 

558.6 

Kolka  Member 

Indeterminate 

0.555 

-4.076 

558.6 

Kolka  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.54 

-4.432 

559 

Kolka  Member 

Orthida 

Dalmanellidae 

Onniella 

0.682 

-4.326 

562.9 

Kolka  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.652 

-4.548 

564.8 

Kolka  Member 

Orthida 

Dalmanellidae 

Onniella 

0.924 

-4.579 

564.8 

Kolka  Member 

Orthida 

Dalmanellidae 

Onniella 

0.856 

-4.711 

564.8 

Kolka  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

2.071 

-4.168 

565.7 

Kolka  Member 

Orthida 

Dalmanellidae 

Onniella  trigona 

0.785 

-4.668 

566 

Kolka  Member 

Orthida 

Dalmanellidae 

Onniella 

0.577 

-4.612 

566 

Kolka  Member 

Orthida 

Dalmanellidae 

Onniella 

0.707 

-4.562 

569.2 

Slitere  Member 

Orthida 

Dalmanellidae 

Onniella 

0.448 

-4.834 

569.2 

Slitere  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

0.729 

-4.768 

572.9 

Slitere  Member 

Spiriferida 

Lissatrypidae 

Meifodia 

1.071 

-4.636 

573.6 

Slitere  Member 

Indeterminate 

0.922 

-4.035 

590.2 

Ohne  Formation 

Orthida 

Dalmanellidae 

0.439 

-4.049 

590.2 

Ohne  Formation 

Indeterminate 

0.206 

-4.285 

590.3 

Ohne  Formation 

Orthida 

Dalmanellidae 

0.71 

-4.223 

590.5 

Ohne  Formation 

Spiriferida 

Lissatrypidae 

Meifodia 

0.06 

-3.936 

590.9 

Ohne  Formation 

Orthida 

Dalmanellidae 

0.511 

-4.629 

595.4 

Ohne  Formation 

Orthida 

Dalmanellidae 

0.273 

-3.989 

600.5 

Ohne  Formation 

Orthida 

Skenidiidae 

Skenidioides 

0.87 

-4.081 

605.3 

Kuldiga  Formation 

Spiriferida 

Hindella?  sp. 

6.023 

-0.429 

609 

Kuldiga  Formation 

Strophomenida 

5.95 

-2.465 

609.9 

Kuldiga  Formation 

Rhynchonellida 

Plectothyrella 

6.502 

0.276 

610 

Kuldiga  Formation 

Indeterminate 

6.757 

-0.09 

611.8 

Kuldiga  Formation 

Rhynchonellida 

Plectothyrella 

7.057 

0.676 

612.5 

Kuldiga  Formation 

Orthida 

Hirnantia  sp. 

5.909 

-1.483 

616.9 

Kuldiga  Formation 

Rhynchonellida 

Plectothyrella 

5.591 

-1.105 

617.25 

Kuldiga  Formation 

Strophomenida 

Leptaenidae 

Leptaena 

6.198 

-1.188 

619.7 

Kuili  Formation 

Indeterminate 

1.016 

-3.501 

620.4 

Kuili  Formation 

Orthida 

Dalmanellidae 

1.598 

-2.794 
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Appendix  3 

Estimated  sea-level  fall  for  a  2%0  oxygen  isotope  shift  for  five 

COMBINATIONS  OF  ICE  VOLUME  AND  TEMPERATURE  EFFECTS  AND  FOR  THREE 
ESTIMATES  OF  818C>  ,  .  VALUES  FOR  CHANGE  IN  5lsO  PER  METER  OF  SEA- 

LEVEL  CHANGE  ARE  FOR  DIFFERENT  ESTIMATES  OF  GLACIAL-INTERGLACIAL 
CHANGES  BASED  ON  DATA  FROM  THE  LAST  INTERGLACIAL  AND  ASSUME  A 
GLACIAL-INTERGLACIAL  SEA-LEVEL  CHANGE  OF  120  M.  THIS  CALIBRATION  MAY 
NOT  BE  DIRECTLY  APPLICABLE  TO  NON-GLACIAL  TIMES  OR  TO  NON-GLACIAL- 
GLACIAL  TRANSITIONS,  BUT  PROVIDES  A  USEFUL  COMPARISON.  VALUES  (a),  (b), 
(C)  AFTER  EMILIANI  AND  SHACKLETON  (1978  IN  ROWLEY  AND  MARKWICK, 
1992),  Fairbanks  and  Matthews  (1978),  and  Schrag  et  al.  (1992), 

RESPECTIVELY. 


Component  due 
to  change  in  ice 
volume  (%o) 

Component  due 
to  change  in 
temperature  (%o) 

Temperature 
change  (°C) 

(a) 

0.0137%o  nr1 

(b) 

0.0  11  room1 

(c) 

0.008  %om-’ 

(1) 

2 

0 

0 

150 

182 

241 

(2) 

1.5 

0.5 

2.25 

113 

136 

181 

(3) 

1 

1 

4.5 

75 

91 

120 

(4) 

0.5 

1.5 

6.75 

36 

45 

60 

(5) 

0 

2 

9 

- 

- 

- 
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